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ABSTRACT 
The effect of varying substrate moisture contents and incubation temperatures on 
developing snapping turtle embryos was addressed. Mass change was measured for several 
clutches of snapping turtle eggs within field nests. Throughout the incubation period, a 
subset of the total number of nests was measured on either a weekly or a bi-monthly interval. 
Mass of each egg within a particular nest was separately weighed and inspected. Nest 
microclimate measurements, such as soil water potential and volumetric water content, were 
also measured on a regular basis. The patterns of egg mass change, which have previously 
been determined to be due to water exchange of the egg with the nesting environment, were 
compared with soil water content. Viable eggs, which produce living hatchlings, have 
positive water balances, with a net water uptake over the course of incubation. Eggs which 
are infertile or in which the embryo dies have negative water balances. Furthermore, egg 
water exchange has been determined to be independent of those soil water contents 
experienced at the present test site. 
The phenomenon of temperature dependent sex determination was also analyzed in 
the common snapping turtle Chelvdra serpentina. Field and laboratory treatments were 
undertaken to investigate the mechanism of action. Copper constantan thermocouples were 
placed within field nests to record hourly temperature averages over the course of the field 
incubation period. Similar thermocouples were placed within climate-controlled growth 
chambers programmed to alter temperature treatments. Following incubation, offspring sex 
ratios were determined and compared among the different treatments. The influence of 
varying egg geographic origin on resulting offspring sex ratios was also analyzed. Both field 
and laboratory-incubated eggs required approximately 150 degree-hours to produce at least 
50% female oflFspring. Those eggs originating from more southern locations required fewer 
degree hours to produce a given percentage of female turtles. In other words, more female 
offspring from lower latitudes were produced within a particular temperature treatment than 
resuhed from more northern latitudes. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Different Families within Order Chelonia have been shown to have different types of 
eggshells, flexible (parchment) and rigid (Ackerman 1991; Packard and Packard 1988a). 
Morphologically, the shells consist of a fibrous membrane surrounded by a calcareous layer; 
differences between the two types of eggshells originate from varying thickness of the shell 
layers. In flexible shells, such as those of the common snapping turtle (Chelvdra serpentina), 
the shell membrane is thinner, and the calcareous layer is composed of small, loose-fitting 
shell units. Both the shell membrane and the calcareous shell units are larger in rigid shells 
with the shell units having greater contact with adjacent units. Because of the differences in 
egg shell structure, communication between the egg's internal environment and the external 
incubating environment may vary between the two types of eggs. Rigid eggshells tend to 
have lower water vapor conductances than flexible eggshells (Ackerman 1991). Similarly, 
when incubated on vermiculite at 29°C, eggs with flexible shells lost more mass over the 
course of incubation than rigid-shelled eggs (Packard et al. 1980; Packard et al. 1981). 
In most experiments incubating snapping turtle eggs on or above artificial media, egg 
mass drops. As the water potential, a measure of the soil water potential energy in which 
differences in water potential cause water to flow, of the incubating medium decreases 
(becomes more negative), eggs lose more mass. Conversely, when soil water potential 
increases (becomes less negative), eggs lose less mass or gain mass (Packard et al. 1980). 
Yet, little is known of the nest microclimate in which turtle eggs normally incubate. Few 
studies have analyzed the water content and water availability of field sites (Packard et al. 
1985; Ratterman and Ackerman 1989). More importantly, the effect that varying soil water 
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content has on the pattern of egg mass change is not well understood. Packard and his 
colleagues hypothesize that a direct correlation exists between soil water potential and egg 
water exchange, similar to data recorded from laboratory experiments (Packard et al. 1993). 
It has also been proposed that egg shells limit the water exchange with the nest microclimate 
within a range of water potentials (Ackerman 1991). The present study has been undertaken 
to address the extent to which the nest microclimate affects the pattern of egg water 
exchange. 
In addition to the fxjtential influence of soil water on reptilian embryos, nest 
temperatures have also been shown to influence development. Sex determination in some 
reptiles has been shown to be under the influence of temperatures. Laboratory exposure to 
different incubation temperatures has been conducted on a number of different species, 
demonstrating susceptibility to threshold temperatures. A threshold temperature is the 
incubation temperature that yields 50% male and 50% female offspring. In particular, 
snapping turtles have been shown to have two threshold temperatures, at 29°C and 21°C, 
respectively (Yntema 1976). Most laboratory experiments utilize constant incubation 
temperatures (Janzen and Paukstis 1991). Unfortunately, nest temperatures do not remain 
constant over the course of incubation but change on a daily basis (Packard and Packard 
1988a; Wilhoft et al. 1983). The mechanism of sexual development of snapping turtle 
embryos in response to field incubation has been infrequently addressed. 
It has also been hypothesized that certain populations of turtles would experience 
different threshold temperatures. As average temperatures increase, such as in more southern 
states, it has been suggested that turtles would express higher threshold temperatures (Bull et 
al. 1982). However, evidence suggests that threshold temperatures actually decrease in eggs 
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obtained from decreasing latitudes (Bull et al. 1982: Ewert et al. 1994). Little evidence is 
known regarding the mechanism underlying the decrease in threshold temperatures at 
decreasing latitudes. 
Furthermore, it has been suggested that it is the amount of development that occurs 
above and below threshold temperatures that actually directs sex determination rather than 
the amount of time experienced at specific incubation temperatures. A predictive model has 
been developed to hypothesize offspring sex ratios in response to varying incubation 
temperatures (Georges 1989; 1994). If and to what extent this model predicts offspring sex 
ratios of freshwater embryos incubating in a natural setting remains to be determined. 
Dissertation Organization 
This dissertation is organized into four separate chapters. The first chapter gives a 
general introduction of the mechanisms of egg mass change in a natural setting and of 
temperature dependent sex determination. Following is a present experimental review of the 
literature regarding these two topics. The second and third chapters, which will be submitted 
as separate papers to professional journals, analyze these aspects of snapping turtle 
embryonic development. All tables and figures appear after the cited references for Chapters 
2 and 3. The fourth chapter provides a general conclusion along with suggestions for future 
research. 
Literature Review 
The extent to which the natural nesting environment influences oviparous eggs is not 
well understood. The present study will incorporate field data to determine the role nesting 
conditions play in altering both mass change of eggs, presumably due to the water exchange 
with the envirormient (Ackerman et al. 1985; Gutzke 1984; Packard and Packard 1988a,b) 
and environmental sex determination (i.e. temperature dependent sex determination, TSD). 
In many laboratory investigations focusing on mass change, eggs are incubated in mediums 
with uniform water contents ranging from -150 to -900 kPa. Yet, soil samples taken adjacent 
to nests indicate that soil water levels ju-e seldom constant and rarely exhibit water potentials 
drier than -100 kPa (Ratterman and Ackerman 1989; Ackerman 1991; Packard et al. 1985). 
Moreover, laboratory investigations frequently position eggs either on or in vermiculite, an 
artificial incubation medium. Due to its low thermal conductivity, eggs incubated in this 
substrate should experience mass changes different from those in other media if water vapor 
is exchanged (Ackerman 1991). Therefore, this study places eggs in field nests and measures 
their water uptake (or loss) in response to changing soil hydric conditions. Nest temperatures 
are also recorded throughout incubation to correlate soil temperatures and offspring sex 
ratios. Previous analyses describing the sex determining mechanisms of many reptilian 
species have utilized constant incubation temperatures. Soil temperatures, on the other hand, 
do not remain constant but fluctuate on a daily cycle. The effect of these changes on sexual 
development is unknown. For example, average soil temperatures previously recorded at a 
local nest site have not warmed to the extent reportedly required to generate 50% male and 
female offspring; yet, mixed-sex clutches emerged from these nests (Yntema 1979; Pieau and 
Dorizzi 1981; Janzen and Paukstis 1991). Thus, some mechanism other than that explained 
by constant laboratory conditions must be operating to influence sex determination in field 
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Eggs of the common snapping turtle, Chelvdra serpentina, will be utilized for several 
reasons. Firstly, the females' fecundity allows clutches to be subdivided between different 
experimental designs. This enables female effects to be evaluated by placing eggs of a single 
clutch into separate treatments. Secondly, snapping turtle eggs are constructed of flexible 
shells which makes them susceptible to both water gain and loss (Packard and Packard 
1988a; Packard et al. 1982). By measuring both soil water content and egg mass change 
over the course of incubation, the effect of different hydric conditions on egg water exchange 
can be assessed. Lastly, hatchling sex has been shown to be dependent on the temperature 
that snapping turtle eggs experience during a critical portion of their incubation. By 
comparing soil temperatures and hatchling sex ratios of individual nests, the relationship 
between temperature doses and sex determining mechanisms may be determined. 
Laboratory investigations indicate that differential water potentials of the incubation 
media significantly alter the development of turtle embryos. In many studies, eggs have been 
shown to increase in mass during the first half of incubation but decline in mass for the 
remaining portion (Miller and Packard 1992; Morris et al. 1983; Packard and Packard 1988b; 
Packard et al. 1980, 1982). In all cases, eggs were incubated on vermiculite, a substrate not 
found in nature. Moreover, there is evidence that the reported decreases in mass might be 
compounded by interactions between eggs and this substrate. In an attempt to quantify this 
potential bias, several studies have compared the effects of vermiculite and sand, a media in 
which eggs have been observed in natural settings (Janzen et al. 1990; Packard et al. 1985). 
By placing eggs half buried in either substrate, water exchange with both the surrounding air 
and the incubation medium was allowed. Similar results were obtained using both sand and 
vermiculite; eggs either remained constant or increased in mass for a portion of incubation 
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but declined in mass as time passed (Packard et al. 1987). Referring to water retention 
curves (Packard et al. 1987), it becomes apparent that small changes in the water content of 
sand cause significant fluctuations in substrate water potential, more so than in vermiculite. 
Furthermore, maintaining constant water potentials in sand is infeasible at low water contents 
due to the nearly vertical slope of the water retention curve. Since water potential of the 
surrounding medium imparts an effect on the water exchange of eggs (Packard and Packard 
1988a), conclusions that both sand and vermiculite generate similar egg mass changes 
throughout incubation are questionable. When eggs are fully buried in both sand and 
vermiculite, a differential response of the developing embryos becomes more apparent; both 
egg mass and the rate of water uptake towards the end of incubation are significantly greater 
for eggs positioned in sand (Kam and Ackerman 1990). Due to the discrepancies between 
different laboratory investigations, the extent of mass change for snapping turtle eggs 
throughout incubation remains ambiguous. 
The consequences of incubating eggs in mediums with different thermal 
conductivities will vary among different reptilian species, depending on the type of egg 
which is laid. In species with rigid-shelled eggs, such as Apalone spinifera and A. mutica, 
moisture conditions of the surrounding environment affect the mass of the incubating eggs 
but are apparently uncoupled from altering the subsequent hatchlings' size (Packard et al. 
1979, 1981; Janzen 1993). It should be noted, however, that when soil water potentials drop 
to -20,000 kPa, as seen in nests of Apalone triunguis. offspring size is dependent on substrate 
water potential (Lesham Ph. D. Thesis 1989). This is in sharp contrast to pliable-shelled 
turtle eggs, such as those of Chelvdra serpentina, which do not survive in mediums drier than 
-3000 kPa (Ackerman 1991). Both changes in egg mass throughout incubation and offspring 
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mass are significantly correlated with differences in the moisture content of the incubation 
substrate (Packard and Packard 1988a; Packard et al. 1980, 1987, 1988; Miller 1993; Morris 
et al. 1983). Yet, the degree to which the experimental medium is affected by the pattern of 
mass change in these studies is unknown. 
As mentioned previously, the lower thermal conductivity of vermiculite may underlie 
the difference in water exchange reported by Kam and Ackerman (1990). The thermal 
conductivities of vermiculite and sand are 8.38 x 10^ Watts- cm"'°C"' and 
1.76 X 10"^Watts cm"' °C"' respectively, at water potentials greater than -100 kPa 
(Ackerman et al. 1985). As the eggs produce increasing amounts of metabolic heat energy 
throughout incubation, the effect of difference in substrate thermal conductivities will be 
enhanced. As more heat energy is produced, less will pass into the lower thermally 
conductive medium to be channeled away from the incubating egg. Therefore, eggs buried in 
vermiculite will be better insulated, and little heat dissipation will occur, resulting in eggs 
that are warmer than those buried in sand. This, in turn, affects the vapor pressure difference 
between the egg and the surrounding medium, causing differential rates of egg water 
exchange, which can be explained by the equation (Ackerman 1994); 
Where; 
MH,O = rate of water exchange (°%y) (1) 
GH,O = eggshell water vapor conductance (°%iykp.) 
Pe = egg vapor pressure (kPa) 
P„ = medium vapor pressure (kPa) 
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Since vapor pressure is dependent on temperature (higher temperatures generate higher vapor 
pressures) eggs placed in vermiculite will have greater internal vapor pressures than those in 
sand. Thus, eggs in vermiculite will have a tendency to either take up less water or lose more 
water than those in sand, depending of the vapor pressure of the surrounding medium 
(Ackerman et al. 1985). According to Ackerman and others, a temperature change as small 
as 0. l°C over the course of incubation could alter this vapor pressure driving force, inducing 
a modest discrepancy in the pattern of water uptake between eggs placed in vermiculite and 
those in sand (Packard et al. 1979; Ackerman et al. 1985). Packard and Packard (1988a) 
state that metabolic heat production is inconsequential at egg-laying but increases throughout 
development. Chrvsemvs picta eggs have been shown to change by 0.3°C to 0.5°C over the 
course of incubation. If similar changes are sustained by snapping turtle eggs throughout 
their development, the use of vermiculite may restrict water uptake or accentuate water loss 
due to changes in the vapor pressure driving force. However, the extent of differential heat 
production, and thus, water vapor exchange, of eggs incubated in sand and vermiculite 
remains unresolved. 
Due to this differential response incurred as a result of using an unnatural incubation 
medium, questions concerning the water relations of snapping turtle eggs persist. Natural 
snapping turtle nests have been observed in both sand and loam soils (Packard et al 1985; 
personal observation). When comparing these substrates, loam soils have similar thermal 
conductivities (1.0 - 2.0 x 10" Watts-cm''°C"') as those of sand (Ratterman and 
Ackerman 1989; Jury et al. 1991). Therefore, under comparable laboratory conditions, eggs 
should exhibit similar rates and degrees of water uptake when incubating in either substrate. 
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However, to gain a more accurate description of the pattern of water uptake under natural 
conditions, eggs should be examined in under field conditions. 
Packard et al. (1985) have attempted to analyze the local environment in which 
snapping turtle eggs incubate. In another study, Packard, Miller, and Packard placed 
snapping turtle eggs in two naturally excavated nests. The eggs were allowed to incubate, 
undisturbed, throughout the majority of their incubation before being transferred to a 
laboratory setting (1993). Unfortunately, neither in situ analysis (Packard et al. 1985, 1993) 
attempted to correlate continuous environmental conditions with subsequent turtle egg 
responses. 
In addition to water vapor transfer occurring throughout incubation, the sex of many 
reptilian species is determined post-conception. This is quite different from mammalian sex 
determination, which occurs at fertilization. The present model of genotypic sex 
determination (GSD) employs a gene that resides on the Y chromosome (Koopman et al. 
1989). When this gene, the testis determining factor (TDF), is expressed, a TDF protein is 
translated which causes the undifferentiated gonad to begin testis development (Koopman et 
al. 1989; Nelson 1995). The testes then secrete androgens, specifically testosterone, which is 
crucial for male accessory sex organ development. In the absence of the TDF gene, testes are 
not formed; the lack of hormonal masculinization defaults the undifferentiated gonad into an 
ovary followed by female accessory sex organ development (Nelson 1995). 
Mammals are not the only animals that exhibit GSD. A number of reptiles also 
demonstrate genetic sex determination. Snakes, tuataras, and the snake-like lizards 
(ampisbaenids) are all thought to jsosses genetic mechanisms governing sexual development 
(Janzen and Paukstis 1991). In addition, several lizards and turtles possess GSD in one form 
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or another. These different mechanisms of genetic determination include male heterogamety 
(XY, XXY, XO), female heterogamety (ZW, ZZW, and ZWW), and homomorphic sex 
chromosomes, in which the sex chromosomes are undifferentiated (Janzen and Paukstis 
1991). It is also generally understood that the presence of any heteromorphic sex 
chromosomes, either male or female heterogamety, presupposes genetic sex determination 
(Janzen and Paukstis 1991; Viets et al. 1994). 
Not all reptiles undergo sexual determination at conception; some species determine 
sex in response to environmental stimuli, thus exhibiting environmental sex determination 
(ESD). Although many environmental variables are thought to control development in other 
organisms, e.g., density of individuals in some nematodes, amount of sunlight in certain 
orchids (Chamov and Bull 1977), temperature seems critical to those reptiles that manifest 
ESD (TSD, temperature -dependent sex determination). For different reptilian lines TSD 
operates during defined stages of embryonic development. Because both lizard and 
crocodilian embryos are somewhat advanced at egg-laying (stages 29-31 for lizards and 13-
14 for crocodilians), the critical sex-determining period of incubation, otherwise known as 
the temperature-sensitive period (TSP), occurs soon after the female deposits the eggs 
(Janzen and Paukstis 1991). On the other hand, turtle eggs remain in the gastrula stage until 
they are laid (Janzen and Paukstis 1991; Packard and Packard 1988a); thus, their TSP occurs 
later in incubation (Janzen and Paukstis 1991; Pieau and Dorizzi 1981; Yntema 1979, 1981). 
Experimental evidence has shown that the TSP in turtles occurs during the middle third of 
incubation (Janzen and Paukstis 1991). Temperature is hypothesized, at least in the case of 
crocodilians, to act in much the same way as genetic determination in mammals. Males are 
produced if a specific cue (temperature in crocodilians as opposed to a TDF gene in 
11 
mammals) is present; if not, the resulting sex of the offspring is female (Deeming and 
Ferguson 1989). 
Yntema (1979) conducted a series of temperature-shift experiments on Chelvdra 
serpentina embryos in an attempt to elucidate this TSP, the portion of incubation in which 
differential production of one sex over the other is possible. While maintaining either a 
constant male (26°C) or female-producing background temperature (20°C or 30°C), embryos 
were subjected at different developmental stages to temperatures known to elicit the opposite 
offspring sex. In doing so, the stages of temperature sensitivity were determined. Offspring 
sex was altered when constant incubation temperatures changed between stages 14 through 
19 (or stages 14 through 16 when low incubation temperatures were used). Furthermore, 
different doses were required to produce male and female hatchlings. For example, a six-
day, 30°C dose superimposed onto a 26°C background incubation temperature at 
developmental stage 16 produced 100% females, but a three-day dose given at the same stage 
generated only 53% females. Twenty one-day doses were required to generate a substantial 
proportion of male offspring. To generate female hatchlings at 20°C, even longer doses were 
needed (1979). Pieau and Dorizzi obtained similar results for Emvs orbicularis. Twelve day 
doses of a female producing temperature were required to produce 100% females. Shorter 
doses decreased the proportion of true females and increased the number of males and inter­
sexes (1981). However, quantitative analyses comparing equivalent doses are lacking. For 
instance, the six-day, 30°C dose reported by Yntema (1979) comprises 144 total hours. It is 
not known whether six hours at 30°C for twenty four successive days (144 total hours) would 
constitute an equivalent dose and also produce female offspring. This <?tudy will address 
such questions. 
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Studies have also shown that different reptilian species are responsive to different 
temperature doses; these temperature cues are thought to function in a variety of ways to 
influence sexual development; three patterns of TSD have been proposed; Types A, B, and 
C (Janzen and Paukstis 1991; Ewert et al. 1994). Animals with Type A sexual determination 
exhibit females when incubation temperatures are low and males when temperatures are 
high; the acronym describing the sex of animals from low to high incubation temperatures 
being FM. Type B pattern produces males when low temperatures are experienced and 
females at higher temperatures (MF). Animals with Type C development are males if 
incubation temperatures are intermediate and females at both low and high incubation 
temperatures (FMF). Type A (FM) has not been described in turtles and apparently only 
exists in the majority of both crocodilians and lizards. Turtles, on the other hand, are the 
only reptiles that exhibit Type B (MF) sex determination. The Type C (FMF) pattern is 
found in crocodiles, one lizard and some turtles (Janzen and Paukstis 1991, Ewert et al. 
1994). Janzen and Paukstis suggest that animals presently classified as either Type A or B 
may actually behave as Type C individuals. The possible reason for the discrepancy stems 
from the lack of experimental evidence exposing the presence of either the upper or lower 
pivotal temperatures (1991). 
Threshold temperatures also seem to differ along interspecific lines; not all reptiles 
have the same threshold temperatures producing a 1:1 sex ratio. According to studies by 
Viets et al., Eublepharis macularis. the leopard Gecko, exhibits Type C sex determination 
with threshold temperatures of approximately 30°C and 33°C (Viets et al. 1994) Similarly, 
studies performed by Muth and Bull indicate that Dipsosaurus dorsalis. the desert igujma, has 
thresholds of 32°C and 36°C (Viets et al. 1994). Among turtles, Chrvsemys picta. (MF) have 
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a 28°C threshold (Janzen and Paukstis 1991), while Chelvdra serpentina (FMF) have 
thresholds of 21°C and 29°C (Pieau and Dorizzi 1981; Yntema 1976). Pivotal temperatures 
as warm as 29°C and 32.5°C have been noted for Pelomedusa subrufa. the African helmeted 
turtle (Ewert and Nelson 1991). Thus, one specific temperature does not seem to be 
universal in its ability to elicit a balanced sex ratio in different types of reptiles. 
Not only do threshold temperatures vary among species, but numerous studies have 
indicated pivotal temperatures also fluctuate intraspecifically. For instance, studies by 
Dimond found no Chrvsemvs picta males originating from eggs incubated at 28.5°C, while 
studies performed by Gutzke and Paukstis yielded 86% males at this same temperature 
(Janzen and Paukstis 1991). Due to the occurrence of narrow pivotal temperatures in certain 
reptilian species (e.g., Aeama aeama and Emvs orbicularis) (Mrosovsky and Pieau 1991; 
Yntema 1976), such varied responses may be the resuh of slightly different temperature 
treatments. On the other hand, these variations in threshold temperatures may be the result of 
either genetic or maternal differences or the combination of both. For example, the hormonal 
content of the eggs may be one maternal factor influencing the bias of one sex over another 
(Janzen and Paukstis 1991). RJien and Lang have generated female snapping turtle 
hatchlings following the introduction of estrogen to eggs incubated at two male-producing 
temperatures (24° and 26.5°C). Similarly, when testosterone and aromatase inhibitor, which 
prevents the formation of estrogen from androgens, were given to eggs at 29°C (a 
temperature known to illicit female offspring) males were produced (1994). Moreover, 
genetic factors may be underlying the differences in threshold temperatures as a means of 
natural selection to afford future success of populations should incubation temperatures 
change (Janzen and Paukstis 1991). 
These genetic and maternal variables may also be fundamental to particular species 
that inhabit large territories causing varied threshold temperatures or altered sensitivity to 
particular temperatures depending on the location in which the eggs are laid (Ackerman 
personal communication). Others have hypothesized such responses, as well. Ewert et al. 
state that threshold temperatures increase in certain species of turtles when the eggs are laid 
at increasing latitudes. For instance, Chrvsemvs picta eggs from the southern United States 
(lower latitudes) have pivotal temperatures around 27.5°C, while those from higher latitudes 
exhibit 1:1 sex ratios at 29°C. Cheivdra serpentina eggs also show the same trends. Turtles 
from lower latitudes show threshold temperatures around 25.5°C; those from more northern 
states exhibit mixed sex ratios at 28.5°C. Northern turtles are said to nest in areas where 
"'warm sites" are quite accessible, but the length of the warm spell is limited; thus, the turtles 
must grow quickly before temperatures fall later in the season. Higher pivotal temperatures 
will, therefore, ensure that some males are generated despite the warm conditions (Ewert et 
al. 1994). Again, because temperature and sex ratio data were compiled from a number of 
different sources, such variation may be the result of differences is experimental design 
rather than geographic responses of turtles. 
However, data collected from a series of weather stations at different latitudes 
indicate that soil temperatures do not follow the same pattern with higher temperatures 
occurring at higher latitudes as hypothesized by Ewert and his colleagues (1994). Rather, the 
trend in average soil temperatures is to decrease as latitude increases (Ackerman, 
unpublished data). Weather stations, which are maintained by the High Plains Weather 
15 
Center in Lincoln, Nebraska, have been positioned throughout the central United States. 
These devices record a number of atmospheric conditions, including solar radiation, wind 
speed, and soil temperature at four inches, on a hourly average. These data can then be used 
to assess environmental conditions at different geographic locations. A station located in 
Wichita, Kansas (37°52' N) has a six year average temperature of 28.69°C for the month of 
July. On the other hand, Langdon, North Dakota 48°45' N latitude has averaged 19.78°C in 
July over the last eight years (Ackerman, unpublished data). Both of these locations are 
within the range of both Chelvdra serpentina and Chrvsemvs picta. 
Several questions persist regarding the extent of water exchange that occurs 
throughout natural incubation. Do laboratory conditions reflect the nesting environment that 
eggs experience in natural settings? What effects do changing environmental conditions 
have on egg water exchange? Is the pattern of mass change over the course of incubation 
correlated with changes in microclimate moisture contents? The present study will address 
these questions. 
Furthermore, the present body of knowledge is incapable of explaining the 
mechanism underlying temperature dependent sex determination. How does the internal 
thermal environment of the nest cavity alter the sex ratio of the subsequent offspring? What 
temperature dose is required to initiate male and female sexual development? Do embryos 
from different geographic locations (increasing latitudes) require different temperature doses 
to initiate either male or female development? Further research in the form of both field 
work and laboratory measures are conducted to elucidate these questions. 
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CHAPTER 2. WATER RELATIONS OF SNAPPING TURTLE (Cheivdra serpentina) 
EGGS IN FIELD NESTS 
A paper to be submitted to Physiological Zoology 
David B. Lett and Ralph A. Ackerman 
Abstract 
The change in mass of eggs of the common snapping turtle, Chelydra serpentina, was assessed 
throughout incubation in field nests. The nests were constructed by female snapping turtles or 
were built to match natural nest cavities. Initial mass measurements were made on eggs prior 
to their placement into nests, and subsequent measurements were taken periodically 
throughout incubation. Prior to hatching, eggs were removed fi^om nests, put in containers 
and maintained at a constant temperature and moisture level (-7 kPa). Field soil water 
potentials were obtained using tensiometers placed within one meter of each nest. In 1994 and 
1995, water potential values never dropped below -82 kPa and averaged -28 kPa and -32 kPa, 
respectively. Generally, eggs which produced hatchlings increased in mass over the course of 
incubation, while those containing dead embryos or infertile eggs lost mass. The pattern of 
egg mass change was not correlated with changes in soil water potential following incidents of 
rainfall. 
Introduction 
Water exchange of some reptile eggs has been widely studied in the laboratory but 
hardly at all in the field. Most laboratory studies have been performed Oy incubating eggs 
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half-buried in vermiculite and maintained at constant incubation temperatures and constant, 
dry substrate water potentials. In these studies, the common snapping turtle, Chelvdra 
serpentina, has been a favorite subject for several reasons. Firstly, the large clutch size allows 
clutches to be subdivided between different experimental designs. This enables female effects 
to be evaluated by placing eggs of a single clutch into separate treatments. Secondly, the 
water exchange of Chelvdra eggs under laboratory conditions has been extensively described. 
Finally, snapping turtle eggs are constructed of parchment shells which make them susceptible 
to both water gain and loss (Packard and Packard 1988a; Packard et al. 1982). 
However, few field studies have identified the range of water potentials that eggs in 
natural nests may experience or the degree of exposure to any given water potential (Packard 
et al. 1985; Ratterman and Ackerman 1989). Field measurements have shown that soil water 
levels are seldom constant and rarely exhibit water potentials drier than -100 kPa (Packard et 
al. 1985; Ratterman and Ackerman 1989; Ackerman 1991). Yet, most laboratory conditions 
expose eggs to constant substrate water potentials ranging from -150 to -900 kPa, values 
thought to represent possible wet and dry field soil water potentials (Packard and Packard 
1988b). -c. 
It is also known that vermiculite, an artificial substrate not available for incubation in 
nature, differs firom natural soils in its thermal, hydric, and hydraulic properties. In particular, 
the thermal conductivity of vermiculite is much greater than those of natural substrates over 
the range of water potentials in which snapping turtle eggs have been shown to incubate. This 
thermal conductivity has been shown to have an important influence on egg water exchange 
(Packard et al. 1985, Packard et al. 1987; Ackerman 1991). 
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For these reasons the present study will quantify factors which affect substrate water 
potential and the response of snapping turtle eggs throughout the course of their incubation to 
these changing environmental conditions. 
Materials and Methods 
To quantify water uptake of Cheivdra serpentina eggs in a natural setting, entire 
clutches were placed in pre-constructed nests in a location snapping turtles had previously laid 
eggs. In the 1994 and 1995 field seasons, each egg in a clutch was weighed periodically to 
determine egg mass gain or loss over the course of incubation. Microclimate conditions were 
monitored on an hourly basis throughout 1994 to 1997 field seasons in order to determine 
average and extreme nesting conditions. Environmental variables were then compared with 
egg mass changes to determine correlation. 
Location 
In the summers of 1994 through 1997, data collection occurred at the Chichaqua 
Wildlife Area, a state nature reserve approximately ten miles northeast of Ankeny, Iowa, and 
twenty-five miles southeast of Ames, Iowa. In 1994, several potential locations were 
monitored daily fi^om late May to mid June for any signs of nesting. A small field that lies due 
north of one section of the original Skunk River channel was chosen as the principle test site 
for several reasons, including the lack of potential human disturbances and the presence of the 
majority of snapping turtle nests that were encountered. In order to provide statistical 
replication, the same field was used in the following years. (See Figure 1 A, B). 
The fieid extends approximately 160 meters in the east/west direction and 20 meters to 
the north and south. In 1994, the soil had been cultivated, decreasing its bulk density, which 
might have influenced the ease of nest-making. A grain crop was planted, but the crop did not 
survive, and weeds began to dominate as ground cover. This vegetation was not disturbed 
except over those nests that were periodically sampled. The following years the soil was not 
cultivated. The flora regerminating from the previous year's growth was mowed at the 
beginning of the study but was not altered thereafter. Again, only those nests that were 
sampled were devoid of any ground cover directly over the nest cavity 
In 1994, the turtles nests that were encountered were not detected until some 
predator, presumably a raccoon due to the extent and time at which predation occurred, had 
previously excavated them. Although all of the eggs were destroyed, the size, shape, and 
orientation of the nests were measurable. The opening of these nests averaged nearly thirteen 
centimeters in diameter. The cavities were approximately fifteen to eighteen centimeters deep 
with the bonom of the nests expanding fi-om almost thirteen to over twenty centimeters 
across. Because only three nests which were naturally dug by female turtles remained intact, 
two artificial nests were constructed, by hand, with the same orientation and dimensions as 
those excavated by Chelydra females (See Figure 1 A). 
The locations of these nests were scattered throughout the test field. Again, three of 
the nests (Nests #1, #9, and #11) used in the summer of 1994 were constructed by female 
Chelvdra. The remaining two nests were built with the intention to adequately scatter the 
nests throughout the field. Referring to Figure 1 A, nests were built at three distances from the 
free water source and at three locations spanning the length of the field. 
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In 1995. no new snapping turtle nests were located at the previous year's location or 
at any of the other presumably ideal nesting sites; therefore, nests #1, #3, #7, and #9 were 
reused from the previous year. Artificial nests (nests #2, #4, #5, #6, and #8) were also dug to 
accommodate the greater number of clutches that were attained in 1995 (See Figure IB). The 
same test-site was used again in 1996 and 1997 for fiirther microclimate observations. 
Egg Acquisition and Treatment 
Turtle eggs were acquired from Fred Millard of Birmingham, Iowa. According to 
Ernst et al. (1994), the average dates of egg deposition for snapping turtles occurs between 
May 15 to June 15. As turtles were processed during this time period, the relative stage of 
egg development was eissessed. Females were noticed to contain eggs with calcareous shells 
following the first week of June in both 1994 and 1995. Eggs were obtained on June 10 (day 
161) and June 12 (day 163) in 1994 and 1995, respectively. Eggs were taken from oviducts. 
Because eggs are in the gastrula stage prior to deposition, it was assumed that the eggs 
obtained were at this stage upon acquisition (Janzen and Paukstis 1991). 
The orientation of entire uteri were noted inside the females' bodies; they were then 
removed, wrapped in moist cotton towels, and placed in Styrofoam containers for shipment 
back to Iowa State University. The eggs were removed consecutively from one uterus and 
then the other. Following, the eggs were dried with paper towels, marked with a permanent 
marker in ascending numeric order, and weighed on a Mettler HK 160 analytical balance. The 
eggs were then returned to moist towels inside Styrofoam containers until the following day. 
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Within twenty-four hours of removing the eggs from the uteri, they were taken to Chichaqua 
Wildlife Refuge and were randomly placed in the prepared nests. 
In both years, entire clutches of eggs were randomly assigned to individual nests. 
Table 1 depicts the particular treatment that clutches experienced in both years. In all cases, 
eggs were placed in nests in ascending numerical order with the identification numbers facing 
up. The lowest numbered eggs, the first to be taken from the uteri, were positioned in the 
bottom center of the nest cavities with others being stacked around and on top of them. Once 
all the eggs were in the nest cavity, the soil, which was previously excavated from the nest, 
was replaced on top of the eggs on grade with the surrounding soil. 
All eggs were weighed initially. Eggs designated as controls were placed inside the 
nest(s) and were not disturbed until all of the eggs were brought into the laboratory at the end 
of the field season. For all of the remaining nests, regardless of whether they were sampled 
weekly or bimonthly, the neck of the nests was excavated and soil was removed from around 
each egg to enable them to be lifted from the chamber. The eggs were then wiped clean of 
adhering soil and were weighed on an Ohaus Model C151 analytical balance to the nearest 
0.05 gram. Any irregularities in the external appearance of the eggs, such as the presence of 
mold or insect holes, were noted. After each egg was weighed, it was placed inside a 
container containing moist soil. When all of the eggs from that particular clutch had been 
measured, they were again placed back into the nest in ascending numerical order. Soil that 
had been removed from the neck of the nest and from around the eggs was then used to cover 
the eggs. 
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In 1995. only slight changes in egg treatment were made. After the eggs were 
weighed, they were placed on moist paper-towels rather than moist soil as in 1994. In 1995, 
the position of the eggs as they were initially placed in the nests was noted. Following all 
subsequent measurements, the eggs were placed back into the nests in the same approximate 
locations based on the original observations. 
Each egg was inspected for any irregularities that might have occurred from one 
weighing to the next. Depending on the apparent severity of the abnormality, the eggs were 
either allowed to remain in the nest or were culled. If insect holes were noted, the eggs were 
taken from the nest and were destroyed, to prevent an opened egg from decaying and calling 
predators' attention to the nest. If the eggs progressively lost weight at each measurement 
and became desiccated, they were also removed. In 1995, eggs in Nest 6 were weighed each 
week despite continued mass loss and increased deformation. If an egg was cracked in the 
process of removing it from the nest chamber or while wiping the adhering soil from its 
surface, it was also disposed of to avoid attracting predators. 
Hatchling Treatment 
In 1994, eggs were removed from all nests on August 20 and were transported to 
Iowa State University prior to their hatching. In 1995, eggs were excavated from their nests 
on August 11. One egg had hatched, but the hatchling was still within the egg, making its 
identification possible. All remaining eggs were taken to Iowa State University to complete 
their incubation. Eggs were placed individually into sixteen ounce plastic cups filled with sand 
maintained at 4% water content by mass (water potential = -7 kPa; Kam and Ackerman 
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1990). Each egg was positioned approximately three centimeters from the bottom of the cup 
in order that moist sand would cover the entire egg. Weekly egg mass measurements were 
taken, as described previously, until all eggs had hatched. Following hatching, young were 
rinsed with water to remove any adhering sand and the chorioallantoic membrane. If this 
membrane was firmly attached, it was not removed, and the hatchling was weighed with 
membrane intact. All hatchlings were dried following rinsing and were weighed using an 
Ohaus Model T400. Hatchlings were then euthanized by freezing. Within one weeL turtles 
were removed and thawed. The plastrons were removed, and yolk sacs were dissected out. 
Hatchlings were re-weighed along with their corresponding yolk sacs using a Mettler HK 160 
analytical balance. Both hatchlings and yolks were placed in a drying oven maintained at 
105°C and re-weighed until a constant mass was reached. This mass was taken to represent 
the dry mass. 
Microclimate Measurement 
Soil Water and Soil Humidity. To determine water potential of soil adjacent to the 
nest cavities, Soilmoisture tensiometers with vacuum dial gauges were placed twelve to 
thirteen centimeters into the ground. This positioned the six centimeter ceramic cup at 
approximately the same depth as the middle of the turtle nests. All tensiometers were placed 
nearly one meter to the west of the nests' center and were read no more than one week apart 
depending on the environmental conditions. Each tensiometer was calibrated using a water-
filled manometer as described by Kam and Ackerman (1990) in 1995. 
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Soil water content was calculated from soil samples taken with a Soilmoisture soil 
corer. Periodic measurements were taken in a radius of approximately one meter from nest 
centers. The instrument was pushed into the ground until a thirty centimeter soil core was 
obtained. The resulting samples were then divided into twelve equal units which were placed 
in individual plastic bags and sealed to prevent water loss. The individuzil samples were 
protected from overheating and were returned to Iowa State University for weighing on the 
same day as they were taken. Wet and dry soil masses were determined using a Mettler HK 
160 analytical balance. Following wet mass measurements, cores were dried at 105° C and 
re-weighed until constant masses were reached. 
Seasonal soil humidity was calculated using the average soil water potential recorded 
at each nest with the tensiometers. Saturated soil vapor pressure was determined by applying 
an average soil temperature calculated from hourly measurements recorded with 
thermocouples placed at nine and eighteen centimeter depths. Water potentials were then 
converted to nest vapor pressures for humidity determinations. 
Soil Properties. In 1997, a pressure desorption chamber was used to determine soil 
water retention values for water potentials ranging from 0 to -15 kPa. For water potentials up 
to -500 kPa, a pressure plate apparatus was used (Klute 1986). Resulting volumetric water 
contents were used to create a soil characteristic curve (Figure 7) based on the van 
Gentuchten model (van Gentuchten 1980). 
Volumetric water content and soil water potential were also measured in 1997 using a 
Campbell Scientific CS615 Water Content Reflectometer (Figure 5). The device was located 
approximately five meters east and one meter north of Nest #I (See Figure IA,B) and was 
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positioned horizontally ten centimeters under soil surface. A soil sample, eight centimeters in 
diameter, was taken at this depth and was returned to Iowa State University's Agronomy 
department for further soil analysis. The calibration provided by the manufacturer was used 
for volumetric water contents and soil water potentials. 
She Properties. Environmental conditions were measured daily over four consecutive 
field seasons. In 1994 and 1995, the recording instruments were positioned in the 
approximate middle of the test field (See Figure 1). All 1996 and 1997 recordings were taken 
within twenty meters of the previous two years. Meteorological instruments were recorded 
with a Campbell Scientific CRIO datalogger sampling every five to ten seconds and averaged 
over sixty minutes to produce hourly averages. Air temperature, soil-surface temperature, and 
the soil temperatures at two difiFerent depths (approximately nine and eighteen centimeters) 
were recorded using 26 gauge copper-constantan thermocouples. A cavity was dug into the 
ground, and two thermocouples were pushed into the wall of the cavity horizontal to the soil 
surface to minimize vertical temperature gradients. Wind speed was measured with a Met-
One 014A anemometer calibrated using a wind tunnel located at Iowa State University. Solar 
radiation was assessed by a Campbell Scientific LI200s silicon pyranometer calibrated in 1994. 
In 1995 through 1997, the amount of rainfall was measured using a Campbell Scientific 
TE525 tipping bucket rain-gauge; no rainfall data was recorded in 1994 due to equipment 
failure. 
Daily rainfall data was also compiled fi^om a cooperative extension supported weather 
station located in Ankeny, Iowa, approximately 10 miles southeast of the test site (Figure 
3 A,B). A historical account of the number of days between rainfall incidences that occurred 
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between April and October was created from a cooperative extension weather station in 
Ames, Iowa (15 years) and the Des Moines International Airport (50 years), each roughly 
twenty miles from the nesting location (Figure 4A,B). 
Statistical Analysis 
Statistical Analysis System (SAS) was used to analyze data that had been collected 
during both summers. Initial egg mass was used as a covariate. General Linear Model 
(GLM) procedures tested for treatment effects. A non-linear curve-fitting program was used 
to fit quantitative third-degree polynomials to the mass change of the eggs during incubation. 
Spearman correlation coefficients and their resulting two-tailed T-tests were generated to 
describe correlations between consecutive egg mass measurements. Using an exponential-
generating model, a soil water drying curve was produced from volumetric water content data 
obtained in the summer of 1997. 
Results 
Egg Water Exchange 
General Pattern of Mass Change. In 1994 and 1995, egg mass increased for all eggs 
that produced live hatchlings (Figures 8-10). Egg mass rose slightly for the first two-thirds of 
incubation followed by a marked increase during the remaining third. The rates of egg mass 
change throughout the incubation period was compared by determining the slopes of different 
sections of the third degree polynomials, which describe egg water uptake. Slopes generated 
from third degree polynomials for all nests in both years averaged 0.005 for the first ten days 
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of incubation. Days eleven through forty exhibited an average slope of 0.001, while the 
average slope for the remaining incubation period was 0.012 (Figure 10). The average 
increase in egg mass over the course of incubation for those eggs producing hatchlings was 
5 .65g (46.88% of initial egg mass) and 5 .74g (42.89% of initial egg mass) in 1994 and 1995, 
respectively. With average lengths of incubation of 84 days and 79 days in 1994 and 1995, 
respectively, this egg mass increase represents a water uptake of 67.03mg • day ' (± 9,92 SD) 
in 1994 and 76.01mg • day ' (± 13.78 SD) in 1995. Those eggs that were infertile or that 
contained dead embryos increased in mass by 1.29g (10.62%) relative to their initial egg mass 
in 1994 and decreased by 1.84g (-13.71%) in 1995. Consecutive mass measurements of 
individual eggs were highly correlated (autocorrelation). For all nests, values of 
polynomials generated from individual data points were no lower than 0.777. Analyses of 
residuals of these curves yielded weighted sums of squares ranging from 2.982x10"' to 
9.370x10"'. Sampling frequency did not significantly alter the pattern of egg mass change for 
any field mass measurements (P>0.4500 or greater). 
Eggshell Conductance. Eggshell conductance was calculated by dividing the egg mass 
change, over the course of incubation, by the difference between egg vapor pressure and nest 
vapor pressure. Eggshell conductance averaged 136.7mg day"' kPa"' in 1994 and 
113.1mg day"' kPa ' in 1995. As average initial egg mass increased between clutches in 1994, 
increasing amounts of water exchange occurred over the course of incubation. Eggshell 
conductance paralleled this pattern; clutches with larger initial egg masses had larger average 
shell conduaances. In 1995, the pattern was similar; clutches with larger initial egg masses 
tended to have greater eggshell conductances, along with larger quantities of water uptake. 
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Effects of Individual Variables 
Effects of Egg Manipulation. Type of nest, whether constructed by female snapping 
turtles or by hand, did not significantly alter egg mass change during field incubation 
(P>0.2207 or greater). Third degree polynomials, describing the general pattern of egg mass 
change for those eggs producing live hatchlings, were not significantly different regardless of 
nest construction (P>0.3132 in 1994 and P>0.0896 in 1995; data not shown). Similarly, egg 
mass change, throughout the period eggs were located in nests, was not significantly altered 
by the sampling fi-equency of mass measurements (P>0.3360 or greater). 
Effects of Egg Position in Nest. Egg mass measurements taken during field incubation 
were not significantly affected by the location of the eggs within a nest (P>0.3360 or greater). 
There is no evidence that egg position at the top of the nest cavity altered egg mass change 
differentially from water uptake of eggs located at the nest bottom (Table 5). 
Soil Variables Egg mass change (Figures 8-10) did not correlate with reported 
rainfall occurrences (Figure 3A-C), and increases in egg mass were not associated with abrupt 
changes in soil water potential (Figure 2), which parallel incidents of rainfall. In 1995, 0 .44 
inches of rain were recorded at the field site during the first ten days of incubation; 5.81 inches 
fell during days eleven through forty; and 3 .02 inches were recorded during the remaining 
time eggs were located in nests. The slope of the third degree polynomial describing egg mass 
change (as noted earlier) was smallest during incubation days eleven through forty, while the 
same period experienced the maximum amount of rainfall. Decreased rates of egg mass 
change did not correlate with drying intervals. 
33 
Hatching Success 
Hatching success varied both among nests and field seasons, ranging from 34% (Nest 
#1, 1994) to 92% (Nest #100, 1994 and Nest #1, 1995) (Table 5). 
Effects of Water Exchange on Hatchlings 
Differences in initieil egg masses both within and between clutches were normalized to 
compare changes in hatchling and yolk variables in response to egg water exchange. To do so 
for a particular hatchling, a variable was divided by the initial egg mass for that hatchling. 
This value was then multiplied by the average initial egg mass of all eggs in that year. 
Length of Incubation. Average lengths of incubation were 84 days (September 2) and 
79 days (August 30) in 194 and 1995, respectively. The length of incubation increased with 
increasing quantities of water exchange. The regression models for incubation times on 
increasing water uptake are y=12.86x + 77.32 (correlation coefficient = 0.40) and y=3 .79x + 
77.66 (correlation coefficient = 0.03) in 1994 and 1995, respectively (Figures 15A and 16A). 
Residual Yolk Mass. Dry mass of residual yolks averaged 0.30g (± 0.22g SD) in 1994 
and 0.35g (±0.16g SD) in 1995 (Table 4). Residual yolk dry masses increased with increasing 
egg water exchange in 1994. The opposite response occurred in 1995 with dry yolk masses 
decreasing with increasing egg water exchange. The linear descriptions of dry yolk mass 
responses to egg water exchange are y=0.19x + 0.24 (correlation coefficient = 0.08) and y=-
0.18x + 0.425 (correlation coefficient = -0.13) in 1994 and 1995, respectively (Figures 15C 
and 16C). 
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HatchlingMass. Hatchling masses with residual yolks intact averaged 8.89g (±I .59 
SD) and 10.66g (±1.74 SD) in 1994 and 1995, respectively (Table 3). In both years, 
increasing egg water exchange resulted in larger hatchlings (with yolks attached). The 
regression models describing the changes in hatchling mass was y=0.09 + 8.84 (correlation 
coefficient = 0.02) in 1994 and y=0.81x + 10.268 (correlation coefficient = 0.14) in 1995. 
With residual yolks removed, dry hatchling masses also increased with increasing egg water 
uptake. Regression models describing these results are; y=0.19x +1.38 (correlation 
coefficient = 0.05) and y=0.42x + 1.69 (correlation coefficient = 0.11) in 1994 and 1995, 
respectively (Figures 15 and 16). 
Microclimate Measurements 
Soil Water and Soil Humidity. Soil water potential fluctuated over the course of the 
field season in 1994 and 1995 (Figure 2). Incidents of high soil water potentials (approaching 
0 kPa) parallel periods of rainfall, while more negative tensiometer readings occur during 
periods between precipitation events (Figure 3A-C). No soil water contents below -90 kPa 
were recorded during either field season, and average tensiometer readings were -28.4 kPa in 
1994 and -31.8 kPa in 1995 (Figure 2). Soil humidity averaged 23.0 mbars and 24.7 mbars in 
1994 and 1995, respectively. 
Rainfall. Ankeny, Iowa rainfall values for the months of June through August were 
5.42, 1.71, and 4.18 inches in 1994 and 3.59, 2.94, and 2.76 inches in 1995. Mean 
precipitation (averaged from 1980 through 1995) for these months were 4.70, 3.96, and 3.95 
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inches, respectively. On-site rainfall for June and July were 4.64 and 3.83 inches, respectively, 
while 1.44 inches of rainfall were recorded between August I through August 11. 
Previous Trends in Rainfall. The exponential 
y = 6.629X10'^ • ' '1 +2.802X10"' was fit to the soil drying trend between July 26 
and August 8, 1997 at the Chichaqua Wildlife Area (Figure 6). This exponential predicts the 
soil volumetric water content to reach a minimum of 0.2802 cmVcm"^ following a 50 day 
period without rain. Two local weather stations within a thirty mile radius of the test site 
most frequently experienced rainfalls within one day of each other (Figure 4A,B). The 
maximum amount of time between rainfalls, recorded at two local weather stations within a 
thirty mile radius of the test site, was twenty-eight days, occurring at the Des Moines 
International airport between April 12 and May 9, 1980 (Figure 4B). Assuming this to be the 
maximum length of time (28 days) between rainfalls at the Chichaqua Wildlife Area, the 
minimum soil volumetric water content experienced at the test site in the last fifty years, 
predicted fi-om the aforementioned exponential curve (Figure 6), was 0.2812 cm^/cmV Using 
a soil water characteristic curve, generated fi'om a soil sample taken fi^om the test site, this 
volumetric water content corresponds to a minimum water potential of less than -100 kPa 
over this same period (Figure 7). 
The average number of days between rainfall events for the last fifty years at the Des 
Moines International airport was 3.1 days (Figure 4B). To determine an approximate 
volumetric water content that might result three days following a rainfall event at the 
Chichaqua Wildlife Area, time domain reflectometery data was analyzed. A period of three 
days without rainfall at the test site was shown to decrease the volumetric water content fi'om 
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saturation (approximately 0.55 cm7cm") to 0.47 cmVcm" (Figures 5 and 6). At this 
volumetric water content, soil water potential would remain at or near saturation (Figure 5). 
Other Microclimate Variables. Air temperature, soil temperatures (8.9 and 17 8 cm 
depths), wind speed, and solar radiation were recorded for both the 1994 and 1995 field 
seasons. These data will be presented in a future paper to be submitted for publication. 
Discussion 
Patterns of Water Exchange 
Mass change of Chelvdra serpentina eggs varied from year to year and between 
clutches. Those eggs that produced hatchlings increased in mass over the course of 
incubation with final egg weights averaging nearly 150% their initial mass. Generally, eggs 
gained mass for the first ten days of incubation. Water uptake then slowed for approximately 
thirty days, followed by a rapid increase in egg mass for the remainder of their incubation 
(Figures 8-10), 
This pattern of increasing egg mass over the course of incubation has been well 
documented by Kam and Ackerman (1990) for eggs incubated in sand but not in other 
laboratory studies in which eggs were incubated either in or over vermiculite. Most 
laboratory analyses conclude that incubating snapping turtle eggs will increase in mass for 
approximately half of their incubation followed by a decrease in egg mass until hatching 
(Morris et al. 1983; Packard and Packard 1988b; Packard et al. 1981; Packard et al. 1980; and 
Packard et al. 1982). Few laboratory experiments have resulted in positive water balances 
with final egg masses greater than initial egg masses (Kam and Ackerman 1990; Morris et al. 
37 
1983. Packard and Packard 1984. 1988b; Packard et aJ. 1980; Packard et al. 1982). Of these, 
only two demonstrated egg mass increases over the entire incubation period (Kam and 
Ackerman 1990; Packard et al. 1980); all others indicated positive water exchanges relative to 
initial egg masses but with small declines in mass towards the end of incubation. 
Little data exists describing the pattern of egg mass changes in naturally occurring 
nests. One study compared the initial and final egg masses fi"om two separate Chelvdra 
clutches. Eggs in one nest increased in mass, taking up an average of 1.29g over the course 
of incubation, while the eggs from the second nest lost an average of 2.26g (Packard et al. 
1993). In a separate study looking at the response of Chrvsemvs picta clutches, average egg 
masses increased in five of six nests (Ratterman and Ackerman 1989), a pattern similar to that 
seen in the present study. 
The aforementioned field and laboratory experiments demonstrate that eggs which 
decrease in mass may still produce viable hatchlings (Morris et al. 1983; Packard and Packard 
1988b; Packard et al. 1980; and Packard et al. 1982). However, the present study indicates 
that infertile eggs and those containing dead embryos tended to lose mass during incubation 
(Figures 11 and 12). In 1994, Nest #101 contained several non-hatchling producing eggs that 
increased in mass for the majority of their incubation (9 of 24 failed eggs). Five of these nine 
eggs contained embryos that may have survived for a substantial portion of incubation, 
creating a positive water balance. The remaining four eggs contained embryos that had not 
pipped within ten days of all other hatching events; they were assumed to be dead and were 
opened. Other eggs, which did not produce hatchlings, tended to take up less water (relative 
to eggs producing live hatchlings) or lose mass. 
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Effects of Water Exchange on Hatchling Variables 
Correlation coefficients describing the effect of egg water exchange on several 
hatchling characteristics, including incubation time, standardized hatchling mass (with and 
without residual yolks), and standardized dry yolk and dry hatchling masses (without residual 
yolks), ranged from -0.13 to 0.40 in 1994 and 1995. Thus, these variables were statistically 
independent of egg water exchange throughout incubation, similar to conclusions reported by 
Ratterman and Ackerman (1990). Yet, longer incubation periods and larger hatchlings tended 
to result from those eggs with greater mass increases. Packard and his colleagues reported 
that eggs incubated in wetter substrates either took up more water or loss less water, giving 
rise to longer incubation periods and larger hatchlings (Packard et al. 1987; Packard et al. 
1980; and Packard et al. 1982). 
In 1994, dry residual yolk mass slightly increased with increasing egg water uptake 
(correlation coefficient = 0.08). The opposite occurred in 1995 with egg mass increases 
tending to resuh in smaller residual yolks (coaelation coeflBcient = -0.13). Although dry 
hatchling masses (without residual yolks) were greater from eggs that took up more water 
during incubation, the two variables were not strongly related, yielding correlation coefficients 
of 0.05 and 0.11 in 1994 and 1995, respectively. Others report that laboratory experiments 
incubating eggs on saturated media culminated in larger dry hatchling masses and smaller dry 
yolk masses (Packard et al. 1987). 
Larger eggs at oviposition have greater surface areas, which profoundly affect their 
water exchange throughout incubation. In the present study, larger eggs took up more water 
over the course of incubation and produced larger hatchlings. Assuming a constant incubation 
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temperature, the hypothesized mechanism controlling the length of incubation, which 
ultimately leads to varying lengths of time during which water exchange may occur, may be 
dependent on solute concentration within the incubating egg (Packard et al. 1987). Therefore, 
if embryos within larger eggs incubate for longer periods of time, there exists a higher 
probability that they will exchange more water with their environment. In the presence of 
suflScient substrate moisture, this would result in an increase in hatchling size and a reduction 
of residual yolk mass, which would be utilized during the longer period of embryo 
development (Packard et al. 1987). 
In the present study, however, incubation times did not correlate well with initial egg 
masses. In 1995, the length of incubation did rise sUghtly as initial egg mass increased, but 
incubation times decreased for larger eggs in 1994. Correlation coefficients describing this 
relationship were -0.04 and 0.53 in 1994 and 1995, respectively. It should be noted, though, 
that this response was most likely due to the influence of nest temperatures on the length of 
incubation times rather than substrate moisture. 
Environmental Determinants of Egg Water Exchange 
The increase in egg mass throughout incubation demonstrated in the present study 
does not correspond well with local environmental hydric conditions. In 1994 and 1995, 
rainfall occurred within two weeks (approximately day 174) of dates clutches were first placed 
into their corresponding nests. Soil water potential remained high (0 to -20 kPa) for nearly 
two weeks (until day 185) after the first substantial rainfall. Yet, egg water uptake was 
slowest during this same time period despite the seemingly abundant supply of soil water. 
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Contrary to findings presented in this study, Packard and Packard (1988b) report that 
the rate of egg water exchange observed during incubation is dependent on the moisture 
content of the surrounding incubation medium. Field analysis, in which one clutch of snapping 
turtle eggs increased in mass while another decreased in mass, has led to speculation that 
substrate water content is instrumental to the egg water balance, despite the fact that no 
measurements were taken of either soil water content or water potential (Packard et al. 1993). 
Given the discrepancies between the present study and others investigating the 
patterns in egg water exchange, it would seem that a vital component in predicting mass 
changes within natural nests would be an analysis of the nesting environment. Yet, nest 
microclimates have not been well quantified. Using thermocouple psychrometers, Packard et 
al. (1985) have recorded water potentials inside nests as low as -2000 kPa, but rainfalls 
maintained relatively high soil water contents throughout the study with water potentials 
usually at or above -100 kPa. In an investigation of Chrysemys nests, constructed in soil with 
properties comparable to those of the present study, water potential values ranged fi-om -10 
to -50 kPa (Ratterman and Ackerman 1989). 
In the 1994 and 1995 field seasons, water potential values never dropped below -82 
kPa and averaged -28 kPa and -32 kPa, respectively. Referring to historical rainfall data 
gathered within a thirty mile radius of the test site, it is predicted that soil water potentials at 
nest depth infrequently dropped below an absolute value of -50 kPa. Furthermore, the 
number of days between rainfalls could theoretically increase past that recorded within the last 
fifty years (28), and the soil water potentials would remain higher than -100 kPa (Figures 5 
and 6). 
The texture of soils in which nests are constructed may account for the large variation 
in reported in situ water potentials. In sand, the air spaces (pores) that exist between the 
coarse soil particles are large relative to those between other soil particles, such as loam or 
clay particles. Water drains more freely from the pores between sand particles with relatively 
little suction, a high (less negative) water potential. As this coarse matrix dries, its water 
potential falls drastically once a certain soil water content has been reached (Ackerman 1991). 
The same is not true for fine-textured incubation media. Because these soil particles lie closer 
together, air spaces between the particles are smaller; micro-capillary action inhibits water 
from leaving the pores at the same suction as that capable of draining sand. Should the water 
content of sand drop below a critical volume, approximately 0.02ml/ml (Ackerman 1991), the 
water potential would decrease significantly, producing low (dry) potentials similar to those 
indicated by Packard and his colleagues (1985). Yet, thermocouple psychrometer water 
potential readings are susceptible to metabolic heating of eggs, which might underlie the 
discrepancies between water potentials reported by others and those in the present study 
(Ackerman 1991). 
The nest microclimate, thus, is important to the water exchange of parchment-shelled 
eggs. Chelvdra nests are constructed at varying depths with the bottoms of nests ranging 
between fifteen and forty centimeters (personal observation). Given in situ water potentials 
averaging near -50 kPa, these nests are constructed within the humid zone of the soil profile 
(Ackerman 1991). Depending on the soil type and water table, this zone will extend to 
different depths. If nests are constructed at the junction between the humid (-1 to -50 kPa) 
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and intermediate zones (-50 to -50,000 kPa) of the soil profile, water potentials might 
periodically drop. The response of eggs to such drying periods is not known. 
It is hypothesized that the water potential of an incubating medium may reach -10,000 
kPa without limiting egg water uptake. Differences in eggshell permeability over the coarse of 
incubation, therefore, would account for the patterned egg mass changes (Ackerman 1991). 
Assuming that soil permeability is not limiting the exchange of water, eggshell permeability 
would determine the total permeability of the system Relating this permeability to 
conductance, the ease with which water flows, it becomes apparent that changes in the 
conductance of the eggshell throughout incubation will alter the egg mass change (Ackerman 
1991). According to Robinson and Ackerman (unpublished data) the pattern of changing 
Chelvdra eggshell conductances parallels that of egg mass changes of Chelvdra clutches 
during incubation. The present study finds that eggshell conductances averaged 136.7mg day" 
' kPa"' in 1994 and 113.1mg-day'' kPa'' in 1995. 
As mentioned previously, laboratory experiments with substrate water potentials 
ranging from -150 to -950 kPa, result in negative water balances (Morris et al. 1983; Packard 
and Packard 1988b; Packard et al. 1980; and Packard et al. 1982). These water potentials are 
much higher (wetter) than those expected to influence egg water exchange (Ackerman 1991). 
However, it should be noted that these investigations have incubated eggs either on or above 
vermiculite, an artificial incubation medium. Due to the differences in thermal conductivity of 
natural incubation media, for instance sand or loam, compared to vermiculite, egg mass loss 
reported in these studies might be the result of a decrease in the vapor pressure driving force 
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across the eggshell rather than a response to a particular water potential (Kam and Ackerman 
1990). 
Our results and others indicate that Chelvdra eggs will increase in mass throughout 
incubation when water potentials are held at or remain within limits characteristic of the humid 
zone (Kam and Ackerman 1990; Packard et al. 1980). If parchment-shelled eggs experience 
water potentials drier than -10,000 kPa for prolonged periods of time, egg mass loss may 
occur. Yet, no evidence suggests that natural Chelvdra nests will extend into this intermediate 
zone for substantial portions of the incubation period. 
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Table I. Characteristics of the female snapping turtles and their eggs. Nest #'s correspond to 
those illustrated in Figure 1 for each year Clutches of eggs were randomly assigned to a 
particular nest. Sampling regime was also determined randomly. 
Nest Female # Carapace Carapace #o f  Aver Initial Sampling 
# Length 
(inches) 
Width 
(inches) 
eggs Egg Mass 
(grams) 
Regime 
1 3 10.0 8.5 26 14.43 Control 
9 2 10.5 9.0 27 13.52 Bi-monthly 
Summer 11 5 9.5 7.5 23 11.47 Weekly 
1994 100 I 10.5 8.0 29 11.76 Bi-monthly 
101 4 12.0 9.5 43 9.09 Weekly 
Average 
S.D 
10.5 
0.9 
8.5 
0.8 
29.6 
7,8 
11.75 
2.05 
I 4 10.5 8.5 26 15.35 Bi-monthly 
2 6 9.5 7.5 31 11.65 Bi-monthly 
'> J 9 10.0 8.5 32 12.12 Weekly 
4 7 10.0 8.0 21 12.14 Weekly 
Summer 5 14 8.5 7.0 26 8.73 Control 
1995 6 21 10.5 8.5 29 14.71 Weekly 
7 8 10.5 8.5 24 15.78 Control 
8 16 9.0 7.3 30 10.82 Control 
9 1 10.0 9.0 29 13.44 Bi-monthly 
Average 9.8 8.1 27.6 12.73 
S.D 0.7 0.7 3.6 2.20 
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Table 2. Characteristics of Chelvdra eggs located in viable nests for the summers 
of 1994 and 1995. Only those eggs that were placed in nests comprise the total number of 
eggs. The initial egg masses were obtained as the eggs were taken out of the uteri in both 
years. The length of incubation at the time of collection was either 70 days (1994) or 60 days 
(1995). Final egg mass was defined as the last mass measurement of the egg prior to hatching 
for those eggs producing viable offspring. 
Nest # Total # Average initial Average egg Average 
of eggs egg mass 
(grams) 
mass at time of 
collection 
(grams) 
final egg mass 
(grams) 
1 26 14.43 17.05 21.89 
9 27 13.52 16.87 18.98 
Summer 1994 11 23 11.47 14.22 16.62 
100 27 11.76 14.74 17.07 
101 42 9.09 11.22 13.94 
Average 29 11.75 14.45 17.17 
S.D. 7.5 2.05 3.04 2.67 
1 25 15.35 19.01 22.55 
2 31 11.65 13.38 17.17 
Summer 1995 J 30 12.12 14.18 17.66 
4 21 12.14 13,82 16.23 
7 24 15.78 18.55 21.61 
9 28 13.44 14.82 19.60 
Average 26.5 13.32 15.34 18.98 
S.D. 3.8 1.74 2.75 2.68 
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Table 3. Characteristics of Chelvdra hatchlings emerging from viable nests for the 
summers of 1994 and 1995 Only those eggs that were placed in nests comprise the total 
number of eggs. Length of incubation was determined after turtles' heads had broken 
completely free of egg rather than time of egg pipping. Once heads had broken free from the 
eggs, the eggs were cleaned of adhering sand, were dried, and were weighed. 
Nest # # of Total # % Average Average 
hatchlings of eggs Survivorship length of 
incubation 
(days) 
hatchling 
mass 
(grams) 
1 9 26 34.62 89.67 10.22 
9 15 27 55.56 77.80 11.21 
Summer 11 16 23 69.57 84.00 8.42 
1994 100 25 27 92.59 83.64 8.85 
101 18 42 42.86 84.00 6.78 
Average 16.6 29 59.04 83.82 8.89 
S.D, 5.8 7.5 22.95 4.20 1.59 
1 23 25 92.00 79.17 12.89 
2 28 31 90.32 79.36 9.25 
Summer 3 27 30 90.00 77.04 9.40 
1995 4 19 21 90.48 75.74 9.37 
7 17 24 70.83 88.53 13.16 
9 18 28 64.29 75.61 10.85 
Average 22 26.5 82.99 79.24 10.66 
S.D. 4.7 3.8 12.15 4.83 1.74 
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Table 4. Yolk and hatchling specifications following 1994 and 1995 field seasons. Yolks 
were separated fi'om hatchlings, and both were immediately weighed. Yolks and hatchlings 
were dried until constant mass was achieved, and both were re-weighed. 
Nest Average Average Average Average Average Average 
# wet dry residual wet dry hatchling 
residual residual yolk hatchling hatchling water 
yolk yolk water mass mass mass 
mass mass mass (grams) (grams) (grams) 
(grams) (grams) (grams) 
1 0.60 0.25 0.35 9.16 1.83 7.33 
9 0.62 0.24 0.37 9.86 1.96 7.89 
Summer 11 0.74 0.30 0.44 7.23 1.46 5.93 
1994 100 0.50 0.21 0.29 7.83 1.68 6.47 
101 1.12 0.50 0.62 5.22 1.02 4.20 
Average 0.71 0.30 0.41 7.66 1.56 6.22 
S.D. 0.49 0.22 0.28 1.83 0.41 1.56 
1 1.04 0.43 0.60 11.46 2.42 9.04 
2 0.49 0.19 0.31 8.45 1.67 6.79 
Summer '% J 0.89 0.40 0.50 8.12 1.61 6.51 
1995 4 0.83 0.38 0.44 8.25 1.75 6.79 
7 0.70 0.27 0.42 12.07 2.45 9.82 
9 0.96 0.43 0.53 9.47 2.04 7.76 
Average 0.81 0.35 0.46 9.49 1.95 7.65 
S.D. 0.31 0.16 0.16 1.72 0.37 1.39 
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Table 5. Statistical analyses generated from those nests in 1994 and 1995 that produced 
viable hatchlings (all eggs included) F-values are given and corresponding, probabilities (Pr. 
> F) are indicated in parentheses. Initial egg mass was used as a covariate for all analyses 
except for the effects of "Female and nest position". Whether eggs were positioned in the 
bottom of the nest or stacked on existing eggs allowed an analysis of'Tosition of egg in nest". 
"Nest construction" identified whether egg mass change was affected by presence in a 
naturally or artificially constructed nest. The effect of mass measurements taken weekly, bi­
monthly, or at the end of the field season were determined by "Sampling frequency" 
SAS Analysis Sampling Position of Frequency Nest Construction 
Frequency egg in nest by Construction by 
Position Position 
Egg Mass at 
week 2 
0.21 
(0.6641) 
1.07 
(0.3360) 
0.28 
(0.6117) 
0.85 
(0.3872) 
0.58 
(0.4714) 
Egg Mass at 
week 4 
0.64 
(0.4500) 
0.81 
(0.3976) 
0.07 
(0.8030) 
1.81 
(0.2207) 
0.25 
(0.6321) 
Egg Mass at 
week 6 
0.30 
(0.6011) 
0.75 
(0.4166) 
0.73 
(0.4214) 
0.48 
(0.5092) 
1.71 
(0.2322) 
Egg Mass at 
week 8 
0.59 
(0.4683) 
0.84 
(0.3888) 
0.75 
(0.4148) 
0.63 
(0.4540) 
2.41 
(0.1645) 
Length of 
Incubation 
3.28 
(0.0911) 
11.62 
(0.0092) 
0.65 
(0.5480) 
0.02 
(0.8899) 
1.58 
(0.2407) 
Hatchling 
Mass 
1.68 
(0.2454) 
0.11 
(0.7434) 
1.21 
(0.3478) 
0.61 
(0.4562) 
0.02 
(0.8973) 
Residual Yolk 
Water Mass 
0.07 
(0.9327) 
0.17 
(0.6928) 
0.93 
(0.4345) 
0.16 
(0.6943) 
2.23 
(0.1692) 
Hatchling 
Water Mass 
1.58 
(0.2643) 
0.16 
(0.6975) 
0.14 
(0.8688) 
0.08 
(0.7854) 
0.16 
(0.7029) 
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Table 6. Effect of initial egg mass on hatchling characteristics in both 1994 and 1995. 
Regression models, correlation coefficients, average values and standard deviations (S.D.) 
were derived from data gathered for those eggs producing live hatchlings. Egg water 
exchange (in grams) was calculated by subtracting the initial egg mass from the last measured 
egg mass. Hatchling mass (in grams) referred to masses of turtles immediately following 
hatching prior to removal of the residual egg yolks. 
1994 Analysis Egg Water Exchange Length of Incubation Hatchling Mass 
Model y = 0.26.x+ 2.41 y = -<).09x + 84.48 y = 0.77.\ - 0.15 
Correlation coefficient 0.33 -0.04 0.88 
Average 5.46 83.40 8.89 
S.D. 1.45 3.86 1.59 
1995 Analysis Egg Water Exchange Length of Incubation Hatchling Mass 
Model y = 0.37X + 0.9I y= 1.4IX +60.36 y = 0.99x-2.41 
Correlation coefficient 0.39 0.53 0.94 
Average 5.75 79.00 10.66 
S.D. 1.55 4.44 1.74 
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Table 7. Effect of egg water exchange on hatchling characteristics in both 1994 and 1995. 
Regression models, correlation coefficients, average values and standard deviations (S.D.) 
were derived from data gathered for those eggs producing live hatchlings. Egg water 
exchange (g/g) was calculated by subtracting the initial egg mass fi"om the last measured egg 
mass and dividing this value by the initial egg mass for each egg. Standardized values were 
calculated by dividing the appropriate variable by the initial egg mass. This value was then 
muhiplied by the mean initial egg mass of all eggs producing viable hatchlings. Hatchling 
mass (in grams) referred to masses of turtles immediately following hatching prior to removal 
of the residual egg yolks. Dry hatchling mass indicates dry carcass mass without the presence 
of the residual yolk. 
1994 Length of Standardized Standardized Dry- Standardized Dry 
Analysis Incubation Hatchling Mass Residual Yolk Mass Hatchling Mass 
Model y = 12.86X -t- 77,32 y = 0.09x + 8.84 y = 0.19x4-0.24 y = 0.19x-t- 1.38 
Correlation 0.40 0.02 0.08 0.05 
coefficient 
Average 83.4 8.89 0.32 1.47 
S.D. 3.86 0.73 0.27 0.44 
1995 Length of Standardized Standardized £>r>- Standardized Dry 
Analysis Incubation Hatchling Mass Residual Yolk Mass Hatchling Mass 
Model y = 3.79x + 77.66 y = 0.81x-i- 10.27 y = -0.18x + 0.43 y = 0.42x+ 1.69 
Correlation 0.03 0.14 -0.13 0.11 
coefficient 
Average 79.0 10.62 0.35 1.87 
S.D. 4.44 0.65 0.16 0.41 
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Figure I. Graphical illustration of the same experimental test site during two consecutive 
summers. A depicts the location of the different clutches during the summer of 1994, while B 
represents those for the summer of 1995. Both artificially constructed nests (open circles) and 
those dug by female snapping turtles (solid circles) are shown. Likewise, the location of the 
weather station is also indicated by the x. The original Skunk River channel (dashed line) ran 
to the south of the field as indicated, and a com field lay approximately 16-20 meters to the 
north of the test site. 
Figure 2. Tensiometer readings throughout both summers (A, summer of 1994; B, summer 
of 1995). Five tensiometers were used in 1994, while nine were implemented in 1995. Each 
tensiometer was placed three feet to the West of the center of each nest. Readings were taken 
no more than one week apart depending on the fi-equency of rainfall. Gaps represent 
malfiinctions in individual tensiometers. 
Figure 3. Rainfall collected for the months of June, July, and August. A and B illustrate 
precipitation events measured at the Ankeny CO-OP in Ankeny, Iowa in 1994 and 1995, 
respectively. C represents rainfall measured at the field study site in the summer of 1995. 
Figure 4. Frequency distribution of the number of days that occurred between recorded 
rainfall incidences. Data was compiled fi"om April 1 through October 1. A illustrates rainfall 
data from the Cooperative Extension-supported weather station in Ames, Iowa from 1984 
through 1998. B represents the frequency of dry days recorded at the Des Moines 
International Airport from 1948 through the present. 
Figure 5. Soil volumetric water content and water potential for the summer of 1997. Both 
measures were recorded using a Campbell Scientific CS615 Water Content Refiectometer. 
Figure 6. Enlarged portion of soil drying trend recorded in the summer of 1997 from July 26 
through August 8. • represents actual volumetric water content values (cm Vcm") recorded, 
while the solid line represents an exponential fit created by graphical software SIMFIT. The 
exponential curve extends to August 30, a twenty eight day period representing the maximum 
number of days without rainfall experienced at the Des Moines International Airport over the 
last fifty years. 
Figure 7. Soil water characteristic curve created from soil sample taken in 1997. A soil 
sample eight centimeters in diameter was taken from a depth of ten centimeters at the location 
of the time domain refiectometer (five meters west and one meter north of Nest #1 - See 
Figure 1 A,B). • represents laboratory calculated volumetric water contents (cm^/cm^) at the 
indicated pressure heads, while the solid line represents data predicted by the van Gentuchten 
model. 
Figure 8. Weight gain of those eggs that produced live turtle hatchlings for the same 
naturally constructed nest (Nest #9) during consecutive sunmiers. (A, 1994; B, 1995). Open 
circles represent individual weights of all eggs at each weighing. Solid lines indicate third 
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degree poljmomials, while upper and lower dashed lines depict upper and lower upper 95% 
confidence intervals, respectively. 
Figure 9. Graphical representation of weight gain of those eggs that produced live turtle 
hatchlings for the same artificially constructed nest during consecutive summers (A, Nest 
#101-1994; B, Nest #3-1995). Symbols are identical to those used in Figure 8. 
Figure 10. 3"* -degree polynomials generated fi-om all nests for two consecutive summers. 
Curves were produced using individual egg masses at each weighing for those eggs that 
produced live hatchlings. 
Figure 11. Water exchange of all eggs relative to their initial mass for a natural nest (Nest 
#9) in 1994 and 1995. A. Water exchange patterns of eggs in Nest #9 producing hatchlings 
in 1994. B. Patterns of water exchange for eggs not yielding hatchlings from Nest #9 in 
1994. C., D. 1995 patterns of water exchange in Nest #9 for viable and nonviable eggs, 
respectively, (solid line, hatchling was produced; dashed line, no hatchling resulted) 
Figure 12. Water exchange of all eggs relative to their initial mass for an artificial nest in 
1994 and 1995. A. Patterns of egg water exchange in Nest #101 producing hatchlings in 
1994. B. Patterns of water exchange not yielding hatchlings from Nest #101 in 1994. C., D. 
1995 patterns of egg water exchange in Nest #3 for viable and nonviable eggs, respectively, 
(solid line, hatchling was produced; dashed line, no hatchling resulted) 
Figure 13. Differences in the amount of egg water uptake in response to variation in initial 
egg mass in 1994 and 1995. Initial egg masses for those eggs producing live hatchlings was 
subtracted from final egg mass measurements prior to egg pipping. Solid circles indicate 
relationship in 1994, and solid triangles represent 1995 values. Solid lines denote least square 
relationships between initial egg masses and egg mass changes. 
Figure 14. Effect of initial egg masses on incubation times and hatchling mass. Only those 
eggs that produced hatchlings were represented. Solid circles represent relationship between 
hatchling mass and initial egg mass. Solid triangles indicate response of incubation times to 
differences in initial egg masses. Least squares lines for both sets of data are solid lines 
running through points (A, 1994; B, 1995). 
Figure IS. Effect of egg water exchange on hatchling characteristics in 1994. Only those 
eggs producing live hatchlings were considered. Egg water exchange (g/g) was determined by 
subtracting the initial egg mass from the final egg mass prior to hatching. This value was then 
divided by the initial egg mass for each egg. Standardized values, which take into account 
variation potentially caused by differences in initial egg masses, were determined for hatchling 
mass, dry residual yolk mass, and dry hatchling mass (calculations described in text). A. 
Response of incubation time to changes in water uptake of eggs. B. Standardized hatchling 
mass (with residual yolks intact) response to changes in egg water exchange. C. Eflfect of 
egg water exchange on standardized dry residual yolk mass. D. Effect of egg water exchange 
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on standardized dry hatchling (carcass) mass without residual yolk. Solid circles represent 
actual data points. Solid lines indicate least squares lines describing relationship. 
Figure 16. Same format as Figure 15. but describing the effect of egg water exchange on 
hatchling characteristics in 1995. 
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CHAPTER 3. TEMPERATURE DEPENDENT SEX DETERMINATION OF THE 
COMMON SNAPPING TURTLE (Chelvdra serpentina) 
A paper to be submitted to the journal Physiological Zoology 
David B. Lett and Ralph A. Ackerman 
Abstract 
Hatchling sex ratios of the common snapping turtle, Chelydra serpentina, were 
assessed following incubation in field nests and climate-controlled incubators. The number of 
degree-hours experienced at female-producing temperatures was determined for each field 
nest and growth chamber. Warmer incubation temperatures were shown to affect length of 
incubation of turtles undergoing both field and laboratory treatments. As incubation 
temperatures increased, developmental rates increased, causing hatchlings to emerge fi^om 
eggs at earlier dates. As the number of degree-hours spent at female-producing temperatures 
increased, the percentage of female offspring increased. Approximately 150 degree-hours 
were required to produce at least 50% female offspring. Turtles originating fi^om lower 
latitudes required a smaller female-producing dosage, relative to more northern turtles, to 
produce a given female sex ratio. 
Introduction 
The phenomenon of temperature dependent sex determination (TSD), in which the sex 
of some reptilian offspring is determined in response to incubation temperatures, has been 
widely studied since its discovery by Claude Pieau in 1971 (Dimond 1983). Most of these 
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investigations have incorporated constant incubation temperatures (Janzen and Paukstis 
1991). In doing so, researchers have ascertained that those species undergoing TSD express a 
mechanism by which a threshold incubation temperature is capable of altering offspring sex. 
When laboratory incubation temperatures are held to one side of a threshold temperature, 
most or all of the oflfspring develop as a particular sex. The opposite sex arises when 
temperatures are maintained to the other side of the threshold. Laboratory studies have 
concluded that snapping turtles have two threshold temperatures, 29°C and 21°C (Yntema 
1976). When incubation temperatures are held either above 29°C or below 21°C, the 
percentage of female offspring increases. When constant incubation temperatures lie between 
the two threshold temperatures, more male turtles result. 
Most natural nest temperatures, however, are not constant. The mechanism by which 
fluctuating temperatures alter the resulting offspring sex ratios has not been widely studied 
(Janzen and Paukstis 1991). Unlike laboratory experiments maintained at a constant 
temperature, average daily nest temperatures may not be used to predict offspring sex ratios 
(Schwarzkopf and Brooks 1985). It has been suggested that the amount of development that 
occurs above a particular threshold temperature affects the embryonic sexual development. 
Georges and his colleagues (1989, 1994) have proposed a model to predict offspring sex 
ratios in response to fluctuating daily temperatures. However, little evidence supports the 
eflBcacy of this model in predicting sex ratios of turtles incubated under natural nesting 
conditions. 
Snapping turtles, along with other reptilian species, inhabit a large geographic region. 
Average air and soil temperatures are known to differ latitudinally withm a species' range 
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(Ackerman unpublished data). Yet, if a population is to maintain a fairly balanced adult sex 
ratio (Ewert and Nelson 1991), some have suggested that a shift in threshold temperatures 
occurs (Ewert et al. 1994). 
To determine the effect of fluctuating nest temperatures on hatchling sex ratios, the 
present study will quantify nest microclimate variables and determine the response of snapping 
turtle embryos to changing temperature conditions. In addition, laboratory temperature 
treatments will be used to control female-producing dosages; resulting ofifspring sex ratios 
may then be compared between clutches from different geographic origins. 
Materials and Methods 
In an attempt to explain how daily temperature cycles, as exhibited in naturally-
occurring nests, affect the sex determining mechanism of the common snapping turtle, field 
and laboratory studies were conducted. Eggs were placed in nests and impregnated with 
temperature-recording devices at a location known to contain snapping turtles. Daily 
temperature fluctuations were quantified as temperature doses by calculating the number of 
hours spent above (or below) a particular threshold temperature. Differences in the number of 
degree-hours experienced by eggs, along with the resulting sex ratios of hatchlings emerging 
from these eggs, were compared between nests. Similarly, eggs were placed in growth 
chambers that could be programmed to fluctuate temperatures on a daily cycle. By altering 
the number of hours eggs spent both above and below threshold temperatures, resulting 
hatchling sex ratios could be compared. 
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Location of Study 
To replicate the location of a prior study analyzing water uptake of snapping turtle 
eggs within a natural setting, eggs were incubated in a small field located within the Chichaqua 
Wildlife Area, a site nearly equidistant between Ames, Iowa and Des Moines, Iowa (Lott 
1998). Previously, natural nests, which had been destroyed by some unidentified predator, 
were examined and were determined to be approximately fifteen to eighteen centimeters in 
depth. Presumably due to the range of motion afforded females turtles during nest excavation, 
the bottom of the nests expanded and ranged in width from almost thirteen to over twenty 
centimeters. Openings into the nest cavities averaged approximately thirteen centimeters in 
diameter (personal observation). Artificial nests were constructed to mimic those dug by 
female snapping turtles. 
In 1996, twelve nests were constructed at six different locations within ten meters of a 
centrally-located weather station (Figure 1 A). At each of the six locations, clutches fi"om two 
different geographic regions were placed in nests; odd-numbered nests contained eggs 
obtained from Minnesota, while even-numbered nests contained either Iowa or Illinois 
clutches (gathered from similar latitudes). Each pair of nests was constructed within one 
meter of each other to ensure a similar nesting environment would be experienced due to the 
similarities of soil properties within this distance. In an attempt to achieve variation in the 
microclimate experienced between the six different locations, pairs of nests were positioned 
no closer than three meters from each other (Mohanty et al. 1995). 
Nests from the 1996 field season were again used in 1997. A total of eight nests were 
constructed, occupying positions one through four (Figure 1 A). Odd-numbered nests 
contained eggs from Minnesota: Iowa clutches were placed in even-numbered nests. 
Laboratory incubation of eggs was conducted in programmable incubators. In 1996, 
three different fluctuating temperature regimes were programmed on Conviron (E 15) growth 
chambers located at the Iowa State University Agronomy building in Ames, Iowa. 
Additionally, a walk-in Percival environmental chamber was maintained at a constant 
incubation temperature of 25° Celsius (C). A separate incubator (Revco Scientific 
B0D50ABA) was kept at a constant 27.5°C. Both the 25°C and 27.5°C incubators were 
located within the Iowa State University zoology building, located in Ames, Iowa. 
In 1997, eggs cycling on the three different temperature regimes were initially placed 
in Environmental Growth Chamber (GC-15) growth chambers. Due to a malfunction on July 
5 through July 6 of the chamber cycling for six hours at both 31°C and I9°C, all containers 
were moved to Conviron growth chambers located in the Iowa State University Agronomy 
building. Container relocation was completed on July 8, 1997. The Percival environmental 
chamber maintained at a constant 25°C was again used to incubate eggs. 
Incubator Regimes 
In 1996, the three Conviron growth chambers were programmed to produce daily 
temperature cycles while maintaining the same average incubation temperature (Figure 2A, B, 
C). Differences between the growth chambers originated from the different number of hours 
each incubator spent at 31°C and 19°C. One growth chamber (6 Hrs) spent six hours at 31°C 
and six hours at 19°C on a twenty-four hour cycle. A second chamber (4 Hrs) spent four 
hours at both the upper and lower temperature; while the third (2 Hrs) spent two hours at 
3 l°C and two hours at 19°C. All three incubators were maintained at 25°C when not cycling. 
In 1997, laboratory treatments were carried out in Conviron growth chambers, similar 
to those used in 1996. Three chambers were again programmed to cycle for six hours (6 
Hrs), four hours (4 Hrs), and two hours (2 Hrs) at 31°C and 19°C on a daily basis. An 
additional Conviron growth chamber (1 Hr), which cycled for one hour at 31°C and one hour 
at 19°C each day, was used. 
Egg Acquisition 
Tables 1 and 2 give the locations, dates, and numbers of eggs that were obtained in the 
summers of 1996 and 1997. In both years, Iowa clutches were received as a by-product from 
a turtle supplier located in Birmingham, Iowa. Four clutches were obtained on June 21 in 
1996 and six clutches were collected on June 20 in 1997. As female snapping turtles were 
being processed, an attempt was made to collect entire uteri so that the order of the eggs 
could be noted. In some cases, processing had been completed prior the removal of uteri, and 
the identification of egg order was not possible. The origin of eggs from a particular female, 
however, was possible in all situations. 
Once eggs had been collected, they were transported back to Iowa State University in 
Styrofoam containers covered by moistened towels. Within twenty-four hours of removal 
from the female snapping turtles, those eggs remaining in the uteri were removed and dried 
with paper towels. Eggs in the distal end of one uterus were removed first and were 
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individually identified with a permanent marker. Successive eggs in the same uterus were then 
extracted, working proximally, and were treated in the same manner. After one entire uterus 
was emptied, eggs in the other uterus were weighed and marked. Those eggs that were not 
contained within an uterus were dried and numbered in the order that they were removed fi^om 
the Styrofoam container. 
All other eggs used in both 1996 and 1997 had been initially laid by female snapping 
turtles in natural nests (Tables 1 and 2). In some cases, females were seen in the process of 
egg laying; otherwise, nests were located by searching for identifying marks in the soil at 
potential nesting sites. Five clutches of snapping turtle eggs were obtained fi^om Whiteside 
County, Illinois in 1996 fi^om Dr. Fredric J. Janzen. In 1996, with cooperation with Dr. 
Jeflfory Lang (University of North Dakota), nine Chelvdra clutches were obtained at Camp 
Riply Military Base, Fort Riply, Minnesota. In 1997, six clutches were located within a thirty 
mile radius of Fort Riply, Minnesota. Nine clutches were also obtained in 1997 from Jesse 
Evans (Concordia Turtle Farm) in Concordia, Louisiana. Following the retrieval of the eggs 
from their nests, they were placed in containers filled with either moistened vermiculite 
(clutches from Illinois) or moistened paper towels or soil (Minnesota and Louisiana clutches). 
Eggs were then transported back to Iowa State University for identification and initial mass 
measurements. Following mass measurements and identification, eggs were placed in plastic 
containers filled with sand moistened to four percent water content by mass, approximately -7 
kPa (Kam and Ackerman 1990). Eggs remained in these containers until their division into 
their specific treatments. In all cases for both 1996 and 1997, all eggs were transplanted to 
their laboratory or field treatments prior to the middle third of their incubation period. 
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Statistical Desigti 
Eggs were statistically distributed among specific treatments using a random number 
generator available with the Statistical Analysis System (SAS) package. In 1996, eighteen 
eggs were randomly chosen from the twelve largest clutches to be placed in one of three 
varying temperature regimes. Six clutches from Minnesota (A, B, C, D, I, and K), three from 
Iowa (20, 21, and 22), and three from Illinois (13, 16, and 18) were treated in this manner. 
The remainder of the eggs from each clutch (up to a total of thirty) were placed in pre-
constructed nests at the Chichaqua Wildlife Area. If clutches consisted of more than forty 
eight eggs (all clutches from Minnesota and clutch 20 from Iowa), those eggs not placed in 
the field nor within varying temperature treatments were randomly assigned to the constant 
25°C incubator. For clutches with fewer than forty eight eggs (Clutches 21 and 22 from Iowa 
and 13, 16, and 18 from Illinois), eighteen were used for laboratory work. The remaining eggs 
from the clutch (thirty or less) underwent field analysis; no eggs from the clutch entered the 
constant 25° temperature treatment. 
Additionally in 1996, six clutches, which were not assigned to either field or growth 
chamber treatments were divided among constant temperature incubators maintained at 25° 
and 27.5°C. Three clutches from Minnesota (clutches E, F, and G with 24, 23, and 26 eggs, 
respectively) were divided among these two treatments. Two clutches from Illinois (clutches 
6 and 11 with 17 and 23 eggs, respectively) and one clutch from Iowa (clutch 24 with 26 
eggs) were also assigned to these two constant temperature incubators. 
The majority of eggs undergoing laboratory treatments in 1996 were arranged in a 
blocking design within testing containers. Each container contained sbc columns of three 
99 
eggs. Each column contained eggs from a pre-determined origin, three columns contained 
eggs originating from Minnesota; eggs from either Iowa or Illinois were positioned in the 
three remaining columns. Randomization was used to determine which clutch from a 
particular latitude would be positioned into a particular column. In addition, randomization 
was used to establish the position of particular eggs from a clutch within a single column 
(Figure 3). A small subset of eggs (seventy) were randomly chosen and positioned within four 
separate containers; their use will be described in the following section. 
Randomized placement of eggs within containers and field nests was also conducted in 
1997. The random number generator available with SAS was used to generate a string of 
random numbers for each clutch with a range equal to that of the number of eggs in the 
clutch. The first twenty-four numbers were used for laboratory incubation; the remaining 
numbers were placed in field nests located at the Chichaqua Wildlife Area. Four clutches 
from Minnesota and four clutches from Iowa were divided among field and laboratory 
treatments. Because the Louisiana clutches were received too early in the field season, none 
of these eggs were placed in field nests. Additionally, two clutches from Minnesota (clutches 
U and V, with 32 and 35 eggs, respectively) and two clutches from Iowa (clutches 5 and t), 
with 35 and 39 eggs, respectively) were assigned to a constant 25° Celsius incubator. 
Placement of Eggs in Treatments 
Eggs from twelve clutches were incubated in the field. Six clutches originated in 
Minnesota; three clutches came from both Iowa and Illinois. The six Minnesota clutches were 
assigned a number from one through six; Iowa and Illinois clutches were treated in the same 
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manner, with three numbers each. The SAS random number generator was used to create 
two random strings of numbers ranging from one through six to identify specific clutches from 
either Minnesota or Iowa and Illinois. Since there were six nest locations, the clutches were 
positioned in their corresponding locations. As mentioned previously, Minnesota clutches 
were placed in odd numbered nests, and Iowa or Illinois clutches were placed in even-
numbered nests at each of the six nesting locations. Inside each nest, the placement of each 
egg was also randomly determined. The first eggs in a random string of numbers were placed 
in the bottom of the nests with other eggs placed on top. Once in position, eggs were covered 
with the soil excavated during nest construction. Nests were then protected with one hundred 
centimeter square piece of hardware cloth, to prevent predator destruction. 
Those eggs experiencing varying temperature regimes in the laboratory were moved to 
5 7 liter (6 quart) plastic testing containers, measuring 37x 20x12 centimeters. Each container 
was filled with 4500 grams of sand maintained at 4% water content by mass. Initially, 2.54 
centimeters of sand was placed on the bottom of the containers; eggs were evenly placed 
inside the container and covered with the remainder of sand. No more than eighteen eggs, 
three columns of six eggs, were placed inside a container. All boxes were then placed into a 
specific incubator for laboratory testing. Except for the constant 27.5°C incubator, which, 
because of its small size, required that testing containers be placed at varying levels, 
containers within all other incubators were shelved at the same height. In 1996, containers 
were rotated once weekly within each incubator; containers were rotated daily in 1997. 
Due to incubator malfunction, the placement of some containers within incubators had 
to be altered from their original treatments. From July 5, 1996 to July V, 1996, the growth 
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chamber cycling for six hours at 31°C and six hours at 19°C failed to operate. To prevent the 
loss of a complete treatment of eggs, three containers, which had originated from those 
clutches with greater than forty-eight eggs and had been placed in the constant 25°C 
incubator, were switched to the cycling growth chamber. Eighteen eggs, six from clutch 6 
(Illinois), six from clutch 11 (Illinois), and six from clutch 24 (Iowa) were also chosen from 
the constant 27.5°C incubator and randomly placed in a container experiencing the cyclical 
treatment. Additionally, twelve eggs from clutch 24 were removed from the constant 27.5°C 
incubator and placed in the two other cycling growth chambers, six eggs per chamber. 
Transfer of all eggs to their new treatment positions occurred on July 8, 1996. The middle 
third of incubation, which is known to be the critical period of temperature dependent sexual 
development (Janzen and Paukstis 1991), was determined to begin on July 6, 1996 through 
July 9, 1996 for eggs from clutches A, B, C, and D, undergoing treatment switches. The 
critical period for sexual development for all other clutches occurred after eggs were switched 
to their new locations. 
In 1997, a similar malfunction of the six hour cycling growth chamber located in the 
Iowa State University Molecular Biology building occurred on July 5 to July 6. Following 
this, all containers were transferred to Conviron growth chambers located within the Iowa 
State University Agronomy building. Additionally, two containers with a total of fifteen eggs 
in each were removed from the constant 25°C incubator and were placed in the six hour 
cycling Conviron growth chamber. The middle third of incubation for Louisiana clutches A, 
B, C, D, E, and F was disrupted due to the growth chamber malfunction. No other clutches 
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were affected in this manner; all other critical sexual development periods occurred following 
the relocation of testing containers, as mentioned previously 
Hatchling Treatment 
In both field seasons, eggs incubating in field nests were returned to Iowa State 
University prior to their hatching; in no case were eggs returned before completion of the 
middle third of incubation (Table 3). Based on average nest temperatures, which were 
recorded within all nests, the length of incubation for each clutch was estimated. Seven to ten 
days prior to the estimated hatching date, eggs were excavated fi-om nests. The depth at 
which each egg was positioned was determined upon removal fi"om the nest cavity. Once at 
Iowa State University, eggs were individu£illy placed within sixteen ounce plastic cups filled 
with 350 grams of sand maintained at 4% water content by mass. Cups were then placed in 
the 25°C incubator. 
In 1996, eggs from clutches D and I had hatched prior to their retrieval from field 
nests. Estimated lengths of incubation for these eggs were set at the day each nest was 
opened. Determination of incubation depths for these eggs was not possible. In 1997, the 
depth of all eggs was measured. 
Prior to hatching, eggs undergoing laboratory treatments were also individually 
transferred to sixteen ounce plastic cups. In 1996, eggs in the 6 Hrs and 4 Hrs growth 
chambers were moved on August 9. Eggs in the 2 Hrs chamber, as well as eggs positioned in 
the constant 25°C and 27.5°C incubators, were transferred on August 10. In 1997, eggs in 
the 1 Hr chamber were transferred on August 20, eggs in the 6 Hrs growth chamber were 
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moved on August 21. and ail other eggs were transferred on August 22. Once moved, eggs 
remained in their respective incubators until pipping was observed. Incubating media moisture 
levels were checked every two to three days, and water was added to maintain sand at a 
constant 4% water content if necessary. 
Once hatchlings had emerged from their eggs, they were washed of adhering sand, 
dried, and weighed to the nearest 0.01 gram. They were then placed back into sixteen ounce 
plastic cups filled with approximately three centimeters of water. Every two to three days, 
hatchlings were fed Wardley's reptile food. 
Turtles were allowed to develop for at least two weeks prior to the determination of 
their sex. To identify offspring sex, the plastron was reflected, and the reproductive structures 
were analyzed under a dissecting microscope. Hatchling sex was differentiated as outlined by 
Yntema (1976, 1979, and 1981). Histological sampling of gonads was performed for those 
individuals that could not sexed by gross examination. Turtles that were incapable of being 
sexed by histological examination (3) were eliminated from the statistical analysis. 
Microclimate Measurements 
Nest Temperatures. Temperatures were recorded within each nest using 26 gauge 
copper-constantan thermocouples, calibrated against thermometers traced to the National 
Association of Testing Agencies (NAT A) standards. Beginning approximately twenty-five 
centimeters from the nest center, a small tunnel was bored horizontally into each nest cavity. 
Two thermocouples were positioned through this opening so that they were nearly ten 
centimeters under the soil surface to minimize vertical thermal gradients. One thermocouple 
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was placed on the nest bottom; the other was located at the top of the nest. Both were in 
direct contact with eggs at either the highest or lowest nest positions. In 1996, twenty-four 
separate thermocouples were placed within the twelve nests; sixteen thermocouples were 
situated in the eight nests constructed in 1997. Each thermocouple was cormected to a 
Campbell Scientific CRIO datalogger, sampling every ten seconds. Hourly averages were 
recorded for the entire period eggs were incubating in the field, fi'om June 27 until August 30, 
1996 and fi'om June 26 through August 29, 1997. 
Growth Chamber Temperatures. At least one container within each laboratory growth 
chamber contained two 26 gauge copper-constantan thermocouples. One was positioned in 
the middle of the container; the other was located immediately adjacent to the outside surface 
of an egg positioned at the container's perimeter. Both laboratory thermocouples were 
positioned approximately three centimeters fi^om the container bottom. Hourly average 
thermocouple temperatures were recorded using a Campbell Scientific dataloggers (models 
CRIO or 21X depending on the growth chamber). 
Other Climate Variables. A weather station, outfitted with a number of different 
climate-recording instruments, was erected in the test field at Chichaqua Wildlife Area. Nests 
were positioned within a ten meter radius around the station (Figure 1). A Met-One 014A 
anemometer, calibrated using a wind tunnel located at Iowa State University, was used to 
measure wind speed. Cumulative daily rainfall was measured using a Campbell Scientific 
TE525 tipping bucket rain-gauge. To measure daily solar radiation, a Campbell Scientific 
LI200s silicon pyranometer, calibrated in 1994, was attached to the weather station. Three 
additional thermocouples measured temperatures at the weather station location. One 
105 
measured air temperature, one measured surface soil temperature, and one measured 
temperature nearly 11 centimeters beneath the soil surface (the approximate center depth of 
nests containing eggs). 
Statistical Amlysis 
Statistical Analysis Software, SAS, was used to determine the significance of various 
hatchling variables (Tables 17, 18, and 19). General Linear Model (GLM) procedures were 
used to analyze the effects of both laboratory treatments and field treatments. SIMFIT, which 
was designed by W.G. Bardsley, University of Manchester, U.K., generated a log-logistic 
model of a dose response curve to predict hatchling sex ratios based on the number of degree-
hours eggs incubated at female-producing temperatures. SPLIT, a computer program 
distributed by Campbell Scientific, was used to summarize the number of degree-hours 
experienced by eggs within each laboratory and field temperature treatment. The number of 
degrees above 29°C experienced by eggs each hour was summed over the middle third of 
incubation for treatment. This value represents the number of degree-hours experienced. The 
total number of degree-hours below 21°C was also determined. Summing the number of 
degree-hours eggs experienced above 29°C and below 21°C will be referred to as the female-
producing dosage. Field dosages were determined using the temperature data recorded fi-om 
the top thermocouple located in each nest. Laboratory dosages were calculated by averaging 
the temperature data fi"om all thermocouples within a particular incubator. 
Separate analysis of variance inquiries were carried out on laboratory and field 
hatchling responses. Incubator averages were used to determine treatment and latitudinal 
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effects. Since Iowa and Illinois clutches were gathered from a similar latitude in 1996, 
clutches from these locations were categorized together, and their response to various 
treatments were compared to those of eggs originating from Minnesota. In 1997, only the 
responses of Iowa and Minnesota hatchlings were compared. Because no Louisiana eggs 
were used in 1996, a separate analysis comparing the treatment and latitudinal effects 
exhibited by Louisiana, Iowa, and Minnesota turtles in 1997 was conducted. 
The analysis of responses to field incubation was conducted in a similar manner, 
combining data for both field seasons. In 1996, Iowa and Illinois clutches were combined and 
compared to Minnesota turtles. Since no Louisiana eggs underwent field treatments in 1997, 
only the response of Iowa and Minnesota hatchlings was analyzed. Nests were assigned to six 
field positions in 1996 and four in 1997 (Figure 1); positional effects of hatchlings in response 
to incubation at these locations were investigated (Position: Table 17). Within each nest, egg 
depth was recorded. Hatchling response to egg incubation above and below the midpoint of 
each nest was compared (Depth: Table 17). 
Results 
Response of Embryos to Laboratory Treatments 
General Patterns of Incubation Temperatures. In 1996, three Conviron growth 
chambers cycled for various lengths of time at 31°C and at 19°C. In 1997, three similar 
growth chambers were used to replicate the previous year's temperature treatments. In 
addition, a fourth growth chamber (1 Hr) was implemented, cycling for only one hour at each 
of the two temperatures. Figure 2 A, B, and C represent the ideal pattern of cyclical 
107 
temperatures within the 6 Hrs, 4 Hrs, and 2 Hrs growth chambers, respectively. Figures 6, 7, 
8, and 9 (1997) illustrate the actual temperatures recorded inside testing containers on August 
1, 1997 for the 6 Hrs, 4 Hrs, 2 Hrs and 1 Hr incubators, respectively. The average incubation 
temperature experienced by eggs within all chambers were approximately equal (Tables 11 
and 12); only the amount of time spent at 31°C and 19°C, which affected the female-
producing dosages, varied among the different growth chambers. As shown from the actual 
temperature measurements, different positions within the testing containers heated and cooled 
at different rates due to the thermal properties of the testing media and the size of the 
containers. Thermocouples placed in the center of the containers heated and cooled more 
slowly than those positioned at the exterior of the test containers. Despite this, average 
temperatures measured from both thermocouple positions were approximately equal, varying 
less than 0.1 °C. 
As indicated in Table 11. the average temperature for the 6 Hrs incubator in 1996 was 
24.95°C. Due to the varying incubation lengths of eggs originating from Illinois, Iowa, and 
Minnesota, the female-producing dosages calculated for eggs within the 6 Hrs chamber were 
different and ranged from 621.28 degree-hours (EL) to 672.48 (MN) degree-hours (Table 11). 
In 1997, the average temperature within the 6 Hrs chamber was 25.08°C, and female-
producing dosages varied from 477.57 (MN) degree-hours to 1293.33 (LA) degree-hours 
(Table 12). 
Average 4 Hrs growth chamber temperatures were 24.93°C in both 1996 and 1997. 
Due to the decreased amount of time eggs spent at the two extreme incubator temperatures, 
the female-producing dosages were less than those recorded for the 6 Hrs incubator. In 1996, 
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the female-producing dosages ranged from 408.30 (MN) degree-hours to 428.67 (EL) degree-
hours (Table 11); in 1997 they fluctuated between 292.13 (MN) and 396.50 (LA) degree-
hours (Table 12). 
The 2 Hrs chamber, while maintaining approximately the same average incubation 
temperature as the 6 Hrs and 4 Hrs chambers (24.97°C and 24.98°C in 1996 and 1997, 
respectively), produced a decrease in the number of female-producing degree hours. Female-
producing dosages ranged from 122.70 (MN) degree-hours to 137.75 (IA) degree-hours in 
1996 (Table 11) and from 107.20 (MN) to 129.10 (LA) degree-hours in 1997 (Table 12). 
The 1 Hr chamber was only utilized in 1997. Similar to the other growth chambers 
used in both years, the average 1 Hr incubator temperature was 25.07°C. Female-producing 
dosages fluctuated between 47.10 (MN) and 53.02 (lA) degree-hours (Table 12). As 
mentioned previously, no Louisiana clutches were placed in this particular temperature 
regime. 
The growth chambers maintained at constant incubation temperatures of 25°C (1996 
and 1997) and 27.5°C (1997) did not experience any female-producing dosages. 
Temperatures within the cooler incubator averaged 25.1°C and 25.0°C in 1996 and 1997, 
respectively. Thermocouple recordings within the warmer constant temperature incubator 
averaged 27.6 °C in 1996; this incubator was not re-used in 1997. 
Effect of Temperature on Length of Incubation. In both years, incubation times 
tended to increase with increasing female-producing dosages (Tables 5 and 6). In 1996, eggs 
experiencing cooler constant temperatures tended to incubate for longer periods of time 
(Table 5, 25°C versus 27.5°C incubators). When eggs from a given geographic latitude where 
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placed within growth chambers cycling for the least amount of time (2 Firs in 1996 and 1 Hr in 
1997) at 31°C and 19°C, they tended to have incubation periods similar to those maintained at 
25 °C. Accounting for differences in initial egg masses, normalized incubation times followed 
similar patterns. Eggs incubating within growth chambers cycling for the fewest number of 
hours above and below threshold temperatures hatched first. However, no correlation exists 
between the incubation times of eggs within the 25°C constant temperature incubator and the 
growth chamber cycling for the fewest number of hours at female-producing temperatures. 
This pattern of varying incubation times proved to be significantly influenced by egg 
placement within specific growth chambers (Table 18: Pr.>0.0068). 
Effects of Temperature on Hatchling Size. Initial masses of eggs yielding viable 
hatchlings were similar between the different experimental treatments, ranging from 12.23 (2 
Hrs) to 12.99 grams (25°C) in 1996 and fi'om 11.32 (1 Hr) to 12.04 grams (4 Hrs) in 1997. 
Variation in hatchling mass and carapace length and width were determined to be independent 
of incubation within particular growth chambers (Pr.>0.1975, Pr.>0.0720, and Pr>.0.5081, 
respectively). 
Although hatchling size did vary among incubators in both years, a positive correlation 
between specific temperature treatments and hatchling size was only found in 1996. By 
standardizing hatchling size characteristics, differences due to variation in initial egg mass 
were lessened. As the temperatures experienced by developing embryos increased, by either 
incubating at a warmer constant incubation temperature (27.5°C) or by incubating at female-
producing temperatures for longer periods of time, carapace length and width also increased 
(r=0.89 and 0.88, respectively). Both carapace length and width were independent of egg 
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incubation within specific temperature treatments in 1997 (r=0.35 in both years). In neither 
year was hatchling mass correlated with increasing temperatures (r= -0.51 and -0.64 in 1996 
and 1997. respectively). Similarly, no correlation existed between hatchling size 
characteristics and offspring sex; in 1996 males averaged 0.02 grams more than females 
whereas females averaged 0.06 grams more than males in 1997. 
Effects of Temperature on Hatchling Sex. In 1996 and 1997, hatchling sex ratios, 
relating the number of female offspring to total number of surviving turtles, increased as the 
amount of time spent at 31°C and at 19°C increased (Tables 14 and 16). The particular 
temperature treatment in which eggs incubated was determined to significantly affect the 
offspring sex ratio (Pr>0.0003). The 2 Hrs chamber had the fewest number of females in 
1996 (sex ratio=0.49), while the 6 Hrs chamber produced a sex ratio of 0.95. In 1997, the 1 
Hr chamber produced only two female offspring (sex ratio=0.03), while 105 females emerged 
from the 6 Hrs chamber (sex ratio=0.90). 
Without considering the 1 Hr chamber in 1997 because no Louisiana clutches were 
represented therein, eggs incubating at 25°C produced the fewest number of females of any 
growth chamber, zero in 1996 (sex ratio=0.00) and five in 1997 (sex ratio=0.14). Again, 
ignoring the 1 Hr incubator, growth chambers spending the least amount of time cycling at 
31°C and I9°C produced hatchling sex ratios most similar to egg incubation at constant 25°C. 
Comparing the two constant temperature incubators in 1996, more females were produced 
when incubated within the warmer 27.5°C growth chamber (sex ratio=0.15). 
Analyzing the total number of degree hours above 29°C and below 21°C generated 
within each experimental growth chamber, a minimum female-producing dosage which results 
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in at least 50% female offspring may be calculated. With few exceptions, if eggs experience at 
least 150 total degree hours above 29°C and below 21 °C, more than 50% of the embryos will 
develop into females. If eggs incubate at female-producing dosages of less than 150 degree 
hours, relatively more males will result (Figures 12 and 14). 
Geogrcqjhic Differences in Length of Incubation. Combining data for Iowa and 
Illinois clutches, due to their similar latitudes of origin, it can be seen that eggs obtained from 
more northem locations tended to have shorter incubation periods (Table 5). On average, in 
1996 Minnesota eggs incubated 1.8 fewer days than their Iowa/Illinois counterparts, with the 
greatest difference occurring within the constant 25°C incubator (3 days). Incubation times 
standardized for differences in initial egg mass exhibited the opposite response; Iowa/Illinois 
eggs incubated an average of 5.4 fewer days than those from Mirmesota. 
Similar trends were apparent in 1997 (Table 6). As the point of origin decreased in 
latitude, the length of incubation within specific growth chambers increased. Minnesota eggs 
hatched, on average, 4.5 days earlier than Iowa clutches and 23.4 days earlier than Louisiana 
eggs. As was the case in 1996, when standardized lengths of incubation were compared, the 
average hatching date for Iowa eggs was 5.4 days earlier than that of Minnesota eggs. 
Similarly, the time span between average hatch dates of Louisiana and Minnesota eggs 
decreased with more southern eggs hatching 2.3 days later than those from Minnesota. 
Latitudinal differences influenced the incubation times of Minnesota eggs compared to 
those from Iowa and Illinois in 1996, and those from Iowa in 1997 (Table 17; Pr.>0.0494). 
However, when comparing the response of Minnesota, Iowa, and Louisiana eggs in 1997, no 
variation was caused by differences in egg origin (Table 18; Pr.>0.1893). 
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Geographic Effects on Hatchling Size. In 1996 and 1997, eggs obtained from 
increasingly more southern latitudes tended to have larger initial egg masses (Tables 9 and 
10). This initial size discrepancy led to differences in hatchling mass, but no clear pattern due 
to differences in egg origin were evident. In 1996, normalized hatchling masses tended to be 
greatest for Iowa/Illinois clutches, averaging 9.63 grams, while Minnesota turtles averaged 
9.58 grams. In 1997. Minnesota hatchlings had the largest average mass (9.24 grams); 
Louisiana hatchlings had an average mass of 8.95 grams, while Iowa eggs yielded the smallest 
hatchlings with an average standardized mass of 8.82 grams. Iowa turtles were larger than 
their Louisiana cohorts only in the 25°C constant temperature incubator. 
Carapace length and width also varied with geographic egg origin. In both years, 
Minnesota hatchlings had, on average, larger carapace lengths and widths. In 1996, the 
standardized carapace length and width for Minnesota turtles was 3.12 centimeters and 2.92 
centimeters, respectively. Normalized carapace length and width for Iowa and Illinois 
hatchlings averaged 2.93 centimeters and 2.68 centimeters, respectively. In 1997, carapace 
lengths and widths for Minnesota hatchlings were 3.20 centimeters and 3.05 centimeters, 
respectively. Iowa turtles had larger average carapace lengths (2.84 centimeters vs. 2.63 
centimeters) and widths (2.75 centimeters versus 2.48 centimeters) than their Louisiana 
counterparts. 
The statistical significance of this variation in hatchling size due to latitudinal 
differences in egg origin differed between test years and between different size variables. 
Comparing Minnesota clutches with lowa/lllinois eggs in 1996 and Iowa eggs in 1997, 
geographic origin had no significant effect on hatchling mass (Pr>0.1839). However, both 
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carapace length and width were statistically influenced by latitudinal origin (Pr> 0.0011 and 
Pr>0.0149, respectively). When comparing Minnesota, Iowa, and Louisiana eggs in 1997, 
only carapace length (Pr.>0.053) was influenced by latitudinal egg origin. 
Geographic Effects on Hatchling Sex. Similar to the effect on hatchling size, the 
geographic origin of turtle eggs influenced offspring sex. As mentioned previously, the 
cyclical growth chambers produced increasing numbers of female hatchlings as the time spent 
at the two extreme temperatures increased (Table 14). Within each chamber in 1996, eggs 
obtained from Minnesota tended to generate fewer numbers of females than did eggs from 
Iowa and Illinois. Only in the 2 Hrs growth chamber did more females arise from more 
northern-originating eggs (Sex ratio=0.59 vs. 0.40). No eggs from Minnesota or Iowa and 
Illinois produced female offspring following incubation within the constant 25°C incubator. 
Seven of twenty-four Iowa/Illinois hatchlings (Sex ratio=0.29) were females following 
incubation within the 27.5°C incubator, while the same incubator produced a sex ratio of 0.07 
(4/51) with Minnesota clutches. 
In 1997, increasing numbers of females were produced within each temperature regime 
as the latitude from which eggs originated decreased (Table 16). In all four cyclical-
temperature growth chambers, eggs originating from Minnesota resulted in the lowest female 
sex ratios, followed by those from Iowa. Louisiana eggs produced the greatest number of 
female offspring. Similarly, Louisiana eggs, incubating within the 25°C constant temperature 
incubator, developed more female turtles, than either of their more northern counterparts (Sex 
ratio=0.23 for LA eggs and 0.00 for both lA and MN eggs). 
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When comparing the sex ratios of eggs obtained from Minnesota, Iowa, and 
Louisiana, a latitudinal effect was noticed (Pr.>0.0090). Offspring sex within the different 
temperature treatments proved to be statistically independent of egg origin when Louisiana 
eggs were not considered (Table 18; Pr.>0.5007). 
Response of Embryos to Field Treatments 
General Patterns of Incubation Temperatures. In 1996, nest temperatures were 
cooler than those recorded during the 1997 field season. Thermocouples positioned at the 
nest surface averaged 24.45°C and 25.73°C in 1996 and 1997, respectively; thermocouples 
located beneath the deepest egg averaged 13.S1°C in 1996 and 24.64°C for all nests in 1997. 
Within each individual nest, eggs positioned closer to the nest surface tended to experience 
greater extremes in maximum and minimum temperatures. This effect is illustrated in Figures 
4 and 5, with shallow thermocouples undergoing greater daily cyclical temperatures. In 
addition, certain nests in both field seasons had higher average temperatures and greater 
fluctuations in daily temperature. 
The variation between in-nest temperatures corresponds to differences in the total 
female-producing dosage calculated for eggs within each nest (Tables 11 and 12). As average 
nest temperature increased, the number of degree hours above 29°C, calculated with the 
shallow thermocouples, increased correspondingly. Similarly, eggs within cooler nests tended 
to experience fewer degree hours above 29°C but acquired more degree hours below 21°C. 
Effects of Nest Temperature and Geographic Origin on Length of Incubation. Using 
thermocouple recordings from the top and bottom of each nest, wanner average temperatures 
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decreased the length of incubation in both field seasons (Tables 3 and 4). In 1996, eggs 
positioned in nests with average temperatures at or below 23.5°C incubated for the longest 
period of time, eighty days or more. Similarly, the longest incubation periods occurring in 
1997, again eighty days or more, were of eggs located in nests averaging less than 25°C. 
Differences in incubation were shown to be significantly influenced by different average nest 
temperatures (Position; Pr>0.0441). Correlation coefficients describing this effect are -0.96 
-0.83 for 1996 and 1997, respectively. 
In 1996, eggs from Minnesota and Iowa/Illinois exhibited similar incubation periods if 
average nest temperatures were approximately the same. For example, average temperature 
recordings from both thermocouples within Nest 5 and from within Nest 6 resulted in average 
nest temperatures of 23.15°C and 23.17°C, respectively. Incubation periods for eggs within 
these same nests were 81 and 80 days, respectively. However, in 1997, differences in the 
lengths of incubation were observed between eggs from Iowa and Minnesota. Incubation 
periods tended to be longer for Iowa eggs. Nests 4 and 7 experienced similar average 
temperatures (25.14°C and 25.11°C, respectively), yet the length of incubation was 5 days 
shorter for Minnesota eggs (77 days and 72 days). Egg origin was determined to be a 
significant influence on the length of incubation (Pr.>0.0494). 
Accounting for the variation in initial egg masses, normalized incubation times did not 
exhibit the same patterns. No correlation exists between the normalized incubation times and 
average nest temperature (-0.44 and -0.47 in 1996 and 1997, respectively). 
Effects of Nest Temperature and Geographic Origin on Hatchling Size. Figures 15 
and 16 illustrate the effect of nest temperature on hatchling size. Taking into account 
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differences in initial egg mass, normalized hatchling mass, carapace length, and carapace width 
were determined to be independent of nest temperatures in both field seasons. Correlation 
coefficients for these variables ranged from -0.01 to -0.30 and fi'om 0.26 to 0.37 in 1996 and 
1997, respectively. 
Minnesota hatchlings tended to be larger than those from more southern locations in 
both 1996 and 1997. Average hatchling mass, carapace length, and carapace width were 
greater for eggs originating fi'om Minnesota, when normalized for variation in initial egg mass. 
For example, in 1996 Minnesota hatchlings averaged 9.36 grams; Iowa/Illinois offspring 
weighed an average of 9 .15 grams. Carapace length and width of Minnesota hatchlings 
averaged 2.95 centimeters and 2.74 centimeters, respectively, while the same physical 
dimensions averaged 2.85 centimeters and 2.68 centimeters for Iowa/Illinois turtles. Despite 
these tendencies, egg origin was determined to have little effect on the resulting hatchling size 
(Table 17; Pr.>0.0904 or greater). 
Effects of Nest Temperature on Hatchling Sex. As the female-producing dosage 
increased within each nest, calculated by summing the number of degree hours above 29°C 
and below 21°C, the ratio of females to males increased (Tables 11 and 12). Correlation 
coefficients describing the relationship between the female-producing dosage and the female 
sex ratio were 0.71 and 0.83 in 1996 and 1997, respectively. 
Similar to the result calculated for incubator sex ratios, the minimum female-producing 
dosage required to produce at least 50% females was approximately 150 degree hours 
(Figures 11 and 13). Sex ratios within only two nests in 1996 deviated from this pattern 
(Nests 4 and 8). 
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Particular nest sites (1-6 in 1996 and 1-4 in 1997; Figure 1 A) experienced varying 
daily cyclical temperatures, which resulted in different average nest temperatures. Yet, nest 
site was not shown to significantly influence the offspring sex ratio (Pr>0.3029). However, 
sex ratios were statistically dependent on egg position within a particular nest (Pr>0.0195). 
Geographic Effect on Field Hatchling Sex Ratios. Differences in geographic egg 
origin resulted in no significant variation in field sex ratios (Pr.>0.8721). Yet, Minnesota eggs 
tended to require more degree hours to produce a specific female sex ratio than those from 
Iowa. In 1996, female sex ratios of approximately 0.35 required between 20 and 50 degree 
hours of female-producing temperatures for Iowa/Illinois embryos; over 100 degree hours 
were required by Minnesota embryos to produce the same female sex ratio. Similarly, 
Minnesota embryos required over 200 degree hours of female-producing temperatures to 
produce a sex ratio between 0.80 and 0.90, while Iowa/Illinois embryos needed less than 150 
degree hours (Figure 11) 
In 1997, a similar response was observed. Mirmesota turtles required over 500 degree 
hours to produce nearly 90% females, and less than 200 degree hours were needed by Iowa 
turtles to produce approximately the same female sex ratio. Only at low female-producing 
dosages was this trend reversed (Figure 13). 
Discussion 
Effect of Temperature on Length of Incubation 
The present study has determined that the length of incubation of snapping turtle 
embryos increases as constant incubation temperatures decrease. This effect has been 
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demonstrated by numerous other authors for a number of different reptilian species (Deeming 
and Ferguson 1989; Janzen 1993; Packard et al. 1987; Yntema 1978). Average nest 
temperatures also correlated with incubation times; eggs within cooler nests incubated for 
longer periods of time, presumably due to a decline in the rate of development (Ackerman 
1994). 
The developmental rate of snapping turtles may be described in terms of Qio, which 
describes the effect of temperature on biological rates. Usually defined as a comparison of 
rates when temperatures are separated by 10°C, a Qio of two represents a doubling in the 
given rate at the warmer temperature. The development rate of Chelvdra eggs has been 
estimated to have a Qio of 1.6 (Ackerman 1994). Thus, if the developmental rate of snapping 
turtle hatchlings increases by this factor for every 10°C increase in temperature, incubation 
times must decrease accordingly. The length of incubation for eggs maintained at constant 
25°C averaged 5.8 days longer than that of eggs positioned within the 27.5°C incubator. 
Using an estimate of free energy provided by Ackerman (1994), the differences in incubation 
times at the two temperatures equates to a Qio of 2.3, which is similar to Qio values reported 
for several other reptilian species (Ackerman 1994). 
Contrary to the findings within field nests and constant temperature incubators, the 
length of incubation of eggs within growth chambers cycling for a portion of the day at 31 °C 
and 19°C were longer. As mentioned previously, the developmental rate of embryos is 
dependent on incubation temperature; higher rates of embryonic development occur at 
warmer temperatures (Georges 1989; Yntema 1978, 1979). It has also been suggested that 
incubation periods are independent of temperature fluctuations of varying magnitudes around 
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a mean temperature. In other words, incubation periods would be the same for eggs that 
cycled 5°C above and below a mean temperature as they would be for eggs cycling 10°C from 
the mean (Georges et al. 1994). Whether or not this hypothesis extends to varying lengths of 
time spent at temperatures cycling around a mean is not certain. 
The present study indicates that lengths of incubation increase as the time spent at 
31°C and 19°C increases. It is hypothesized that although the amount of development would 
be greater during the time spent at the higher temperature, the increased length of time spent 
below the lower threshold temperature, I9°C, would slow the overall rate of embryonic 
development. This may be due to the different developmental rates that occur at the two 
temperatures. Yntema (1978) compared the lengths of incubation to reach a particular stage 
of development at various incubation temperatures. Relative to the rates of development at 
constant incubation temperatures of 24°C and 26°C, those at 30°C are 1.1 times as great. 
Developmental rates at 20°C are twice as slow as those at 24°C and 26°C and 3.4 times less 
than those at 30°C. Thus, the efifect on the developmental rate is much more pronounced at 
lower temperatures. Moreover, 20°C approaches the lower limit of development for snapping 
turtles (Yntema 1978); an exponential increase in the length of incubation occurs at 
temperatures close to 20°C. Thus, an increasing amount of time spent at 31°C will have less 
an effect on the length of incubation relative to the amount of time spent at 19°C. 
Effect of Temperature on Hatchling Size 
Previous experiments have reported a wide variety of hatchling size characteristics in 
response to different incubation temperatures. Hatchling mass, carapace length, and carapace 
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width of smooth softshell turtles, Apalone mutica. tended to be smaller when incubated in 
cooler temperature treatments (Janzen 1993). Similarly, smaller painted turtles, Chrvsemvs 
picta resulted from incubation within wanner nests (Ratterman and Ackerman 1989). Several 
investigators have reported that cooler incubation temperatures yield larger snapping turtle 
hatchlings (Brooks et al. 1991; Packard et al. 1987). Yet, Janzen reported no size 
characteristics were influenced by incubation within different temperature treatments (1995). 
It has been suggested that temperature influences hatchling size by affecting the length 
of egg incubation (Packard and Packard 1988). As reported previously, warmer constant 
incubation temperatures and warmer nest temperatures decrease the length of incubation. 
Conversely, eggs will incubate for longer periods of time when undergoing cooler temperature 
treatments. Furthermore, metabolic rates are thought to be higher in those individuals 
incubating in warmer temperatures. Taking these effects into account, it is suspected that 
prolonged egg incubation, due to cooler incubation temperatures, will resuh in greater 
residual yolk conversion to body tissue (Packard and Packard 1988). 
The present study has determined that hatchling size was independent of incubation 
temperatures, whether undergoing laboratory or field treatments. Although apparently 
contradictory to the above hypothesis, the results of this study may be explained in regards to 
the effect of varying temperature on the water vapor pressure differences. As explained by 
Kam and Ackerman (1990), vapor pressure is influenced by temperature; higher temperatures 
generate greater vapor pressures. The vapor pressure driving force between an egg and its 
environment establishes water exchange. Factors that affect the balance in vapor pressures 
will ultimately alter the uptake of water during the course of incubation. This may then lead 
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to differences in final egg masses, which will be reflected in varying hatchling mass. Thus, 
daily cyclical variation in temperatures, as experienced by eggs undergoing incubation within 
the 1 Hr. 2 Hrs, 4 Hrs, and 6 Hrs growth chambers, will alter the vapor pressure within eggs 
relative to the vapor pressure of the surrounding incubation medium. This, in turn, will affect 
the overall water exchange of the egg (Kam and Ackerman 1990). 
Without the effect of cyclical temperatures altering the vapor pressure driving force, 
constant temperature incubators exhibited a response similar to the aforementioned 
hypothesis. In 1996, hatchling size was smaller for eggs located within the warmer constant 
temperature treatment, presumably due to differential metabolic rates coupled with increased 
lengths of incubation. 
Effect of Incubation Temperature on Hatchling Sex 
A number of different reptilian species exhibit the phenomenon of temperature 
dependent sex determination (TSD). Three patterns of TSD have been described on the basis 
of differential responses to incubation temperatures experienced to one side of a threshold 
temperature. A threshold temperature may be defined as an incubation temperature which 
elicits 50% female and 50% male offspring. Depending on the particular type of TSD, 
incubation to one side of the threshold yields higher ratios of a particular sex. Type I TSD is 
exhibited by most lizards and crocodiles with females being produced following incubation at 
temperatures below the threshold. More females are produced at higher temperatures with 
Type n TSD, a pattern of sex determination for most turtles. Additionally, reptiles with Type 
III TSD exhibit an upper and a lower threshold temperature; males are produced when 
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constant incubation temperatures lie within the two threshold temperatures, otherwise, 
females develop (Ewert et al. 1994; Janzen and Paukstis 1991). 
Snapping turtles express Type III TSD with lower and upper thresholds of 21°C and 
29°C, respectively (Yntema 1976). Corroborating previous investigations, the present study 
has concluded that different incubation temperatures do indeed alter offspring sex ratios. As 
expected, constant laboratory incubation temperatures at 25°C produced primarily all male 
offspring, sixty-four of sixty-nine turtles. When eggs were maintained at slightly warmer 
constant temperatures, the percentage of female offspring increased to 15%. 
Yet, constant incubation temperatures are infrequently experienced by embryos 
developing in natural nests. Eggs of some marine turtles species are laid deep within the 
substrate, minimizing the daily temperature ranges characteristic of most other field nests 
(Georges et al. 1994). To study the effect of cyclical incubation temperatures, the present 
study exposed eggs to varying temperature treatments. Average temperatures were 
maintained at 25°C, a male-producing temperature, but varying lengths of time were spent 
above and below the two threshold temperatures, 31°C and 19°C, respectively. It is 
hypothesized that the number of degree hours spent at female-producing temperatures, 
calculated from data recorded within the various treatments, affects the offspring sex ratios. 
Figures 10-14 illustrate the response of snapping turtle embryos to temperature fluctuations. 
As the number of degree hours experienced above and below the female-producing threshold 
temperatures increased, the female sex ratios correspondingly increased. Fewer degree hours 
spent at female-producing temperatures resulted in the production of more male turtles. 
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The present study concluded that at least 150 degree hours above and below female 
threshold temperatures were required to produce greater than 50% female offspring. Dosages 
as low as 50 degree-hours still resulted in the production of at least one female, no laboratory 
treatment with fluctuating temperatures yielded all male turtles. 
Few other experiments have analyzed the effect that shifting temperatures have on 
offspring sex ratios. One such experiment utilized shifts in incubation temperatures from 22°C 
to 30°C. Wilhofl and his colleagues produced 100% female offspring at female-producing 
dosages as low as 48 degree-hours (1983). This calculation assumes the critical period of 
development, during which embryonic sex is influenced by incubation temperatures, occurs 
between stages 14 through 19 and lasts for approximately 12 days at 30°C (Yntema 1979). 
Thus, embryos spent four hours at 30°C for twelve days, totaling 48 degree-hours. If turtles 
experienced below 48 degree-hours at a female-producing temperature, the percentage of 
mjdes increased. 
One reason for the reported discrepancy in dosages required to produce female 
offspring may be due to the subjectively assigned stages of embryonic development. Wilhofl 
and others incubated snapping turtle eggs at varying temperatures during stages 14 through 19 
(1983). As mentioned previously, this time frame lasted for approximately 12 days. 
However, the number of degree hours spent at female-producing dosages in the present study 
were calculated during the middle third of incubation, which ranged from twenty-two to thirty 
days. Thus, the critical period of sexual development in the present study was considered 
approximately twice as long. Had the number of days used in the calculation of degree hours 
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been decreased, more similar female-producing dosages would have been reported between 
the present study and that conducted by Wilhoft and hiis colleagues (1983). 
In addition to laboratory treatments, snapping turtle eggs were incubated in artificially-
constructed field nests. Although nest temperatures averaged between 22°C and 28°C, a 
male-producing temperature range, few nests resulted in the production of all male offspring; 
a result similar to that reported by others (Schwarzkopf and Brooks 1985). Temperature 
measurements were recorded, and female-producing dosages were calculated. Resembling 
laboratory findings, at least 150 degree-hours were required to produce at least 50% female 
offspring. As expected, the bottom of the nests tended to produce more males than females. 
Another experiment measuring temperature fluctuations in natural nests was 
conducted by Wilhoft and his colleagues (1983). Temperature measuring devices were placed 
at the top and bottom of two nests; three additional nests each contained a single device. Like 
the present study, males tended to emerge fi^om eggs positioned within the nest bottom. The 
average maximum daily temperature within one nest (Nest #4) was 36.1°C, while an average 
of nearly nine hours was spent above the upper threshold temperature of 29°C (Wilhoft et al. 
1983). A similar daily temperature cycle with a maximum nest temperature of 36.03°C and a 
time span above 30°C of approximately ten hours was recorded for Nest #1 on July 17, 1996. 
The number of degree-hours occurring during this particular sinusoidal temperature cycle was 
48.65 degree-hours. Since the critical period of sexual development was determined to be 
approximately 30 days, the total female dosage experienced at the top of this nest was nearly 
1460 degree-hours; a value determined to be quite capable of producing 100% females. 
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It has been suggested that the amount of development, rather than the amount of time, 
that occurs above female-producing threshold temperatures precipitates female ofifspring 
(Georges 1989). According to this hypothesis, constant temperature equivalents (CTE) may 
be used to predict hatchling sex ratios. A CTE may be defined as a hypothetical incubation 
temperature calculated using daily cyclical temperatures around a central mean (Georges et al. 
1994). Since the model predicts CTEs based on a sinusoidal daily temperature fluctuation, 
laboratory data gathered in the present study may not be analyzed; sine temperature functions 
were not used. However, field data, as illustrated in Figures 4 and 5, follow the requisite 
pattern. 
Referring to Nest 1 in Table 11, the average incubation temperature was 25.72°C. 
Using incubation times given for snapping turtle eggs undergoing different laboratory 
temperature treatments (Yntema 1978), the lowest temperature at which embryonic growth 
occurs was determined to be 15.17°C. During the middle third of incubation, average 
temperature variation above the mean nest temperature was 2.82°C. These variables equate 
to a constant temperature equivalent of 26.44°C. In 1996, Nest 1 yielded 90% females, yet 
the CTE calculated for this particular nest was not above the upper female-producing 
threshold temperature. However, it should be noted that mean nest temperatures did not 
remain constant throughout the entire incubation period. Likewise, the range of temperatures 
above and below the average nest temperature also fluctuated. Thus, these conditions may 
limit the usefiilness of CTE calculations for predicting offspring sex ratios. 
In an attempt to address the limitations of the proposed model, Georges and his 
colleagues suggest that the percentage of degree hours embryos experience above a threshold 
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temperature, rather than the amount of development, aflfect offspring sex ratios. They suggest 
that at least 50% of the degree hours are required to produce female turtles; however, the 
present study has concluded that a far lower percentage is required (1994). 
Geographic Effect on Hatchling Size and Sex Ratios 
The present study investigated differences in the response of hatchlings which might be 
attributed to variation in egg geographic origin. The effect on both hatchling size and 
hatchling sex ratios was investigated. Only carapace length was significantly affected by 
latitudinal differences in egg origin (Tables 18 and 19). 
More striking were the differences in hatchling sex ratios resulting from variation in 
egg origin. For a given laboratory treatment, female sex ratios tended to be higher for eggs 
obtained from more southern locations. Only in the 2 Hrs incubator in 1996 was the 
percentage of female offspring greater for Minnesota eggs than Iowa/Illinois clutches. 
Comparing female-producing dosages recorded inside field nests, Minnesota embryos required 
greater quantities of degree-hours to yield as many females as their southern cohorts. 
Because soil temperatures tend to increase with decreasing latitude (Ackerman, 
unpublished data; Bull et al. 1982), one might expect threshold temperatures to 
correspondingly increase for more southern turtles. However, the present study suggests that 
southern turtles actually require lower female-producing dosages. Similarly, others have 
indicated that threshold temperatures decrease for snapping turtles originating fi-om southern 
states (Bull et al. 1982; Ewert et al. 1994). 
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As hypothesized by Bull and his colleagues, egg-laying at an earlier date for southern 
turtles could potentially account for this trend of decreasing threshold temperatures. In 1997, 
Louisiana eggs were obtained at least one week prior to those from Iowa and Minnesota. If 
the entire incubation period is shifted on a yearly soil temperature cycle, due to the earlier 
egg-laying date, lower thresholds might be required to produce approximately equal sex 
ratios. However, temperature data from a Cooperative Extension-supported weather station 
in Kansas reveal that average soil temperatures earlier in the nesting season remain higher than 
average soil temperatures recorded during the critical period of sexual development for more 
northern turtles (Ackerman unpublished data). 
In the present study, incubation periods for southern turtles were longer than those for 
northern turtles. The longer incubation periods observed for Louisiana eggs in 1997 would 
not necessarily coincide with normal incubation periods of southern eggs in their natural 
habitat. Since soil temperatures at the lower latitudes are warmer, it is hypothesized that 
incubation times would be shorter. Thus, the amount of time during which sexual 
development could be influenced is also less, reducing the time to accumulate degree hours 
above a particular threshold temperature. If the threshold temperatures of snapping turtles 
from more southern locations were lower, sufiBcient female-producing dosages could be 
obtained. Similarly, a decrease in the number of degree hours required to produce a given 
female sex ratio may also counteract the effects of a shorter incubation period. However, it is 
not known to what extent incubation periods are shortened within southern populations of 
snapping turtles. 
128 
As a result, incubation temperatures have been shown to influence both the length of 
incubation and the resulting offspring sex ratios of snapping turtles. Moreover, evidence 
suggests that hatchiing responses vary depending on the geographic location from which eggs 
were obtained, given a sufficient latitudinal difference between populations. Exposure to a 
specific female-producing dosage, determined to be approximately 150 degree-hours, tends to 
yield 50% or more female turtles. The present study incorporated laboratory treatments 
which varied the amount of time eggs experienced temperatures outside the boundaries of 
threshold temperatures. Additional research is needed to determine whether similar hatchiing 
sex ratios would result from laboratory incubation at the same quantities of degree-hours 
produced by greater temperature extremes for short periods of time. 
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Table 1. Characteristics of the snapping turtle clutches in 1996. Nest #'s correspond to 
those illustrated in Figure I for each year. When no nest number is indicated, corresponding 
clutches were only located in laboratory incubators. 
Clutch Origin Nest # Date of # of Eggs #of # of Eggs 
Origin in Clutch Eggs in 
Field 
in 
Laboratory 
6 Illinois 6/13 17 17 
11 Illinois 6/14 23 23 
13 Illinois 12 6/15 38 20 18 
16 Illinois 6 6/15 33 15 18 
18 Illinois 4 6/18 42 24 18 
20 Iowa 8 6/21 52 30 22 
21 Iowa 10 6/21 40 22 18 
22 Iowa 2 6/21 38 20 18 
24 Iowa 6/21 26 26 
A Minnesota 9 6/12 60 30 30 
B Minnesota 11 6/12 60 30 30 
C Minnesota 5 6/12 59 30 29 
D Minnesota 1 6/12 50 30 20 
E Minnesota 6/17 24 24 
F Minnesota 6/17 23 23 
G Minnesota 6/17 26 26 
I Minnesota 3 6/17 57 30 27 
K Minnesota 7 6/17 50 30 20 
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Table 2. Characteristics of the snapping turtle clutches in 1997. Nest #'s correspond to 
those illustrated in Figure 1 for each year. When no nest number is indicated, corresponding 
clutches were only located in laboratory incubators. 
Clutch Origin Nest # Date of 
Origin 
# of Eggs 
in Clutch 
#of 
Eggs in 
Field 
# of Eggs 
in 
Laboratory 
A Louisiana 5/23 11 11 
B Louisiana 5/23 27 27 
C Louisiana 5/23 42 42 
D Louisiana 5/23 26 26 
E Louisiana 5/23 40 40 
F Louisiana 5/23 34 34 
G Louisiana 6/7 21 21 
H Louisiana 6/7 23 23 
I Louisiana 6/7 25 25 
5 Iowa 6/20 35 35 
y Iowa 2 6/20 49 25 24 
n Iowa 6/20 39 39 
a Iowa 6 6/20 47 23 24 
G) Iowa 8 6/20 43 19 24 
V/ Iowa 4 6/20 43 19 24 
T Minnesota J 6/15 39 15 24 
U Minnesota 6/15 32 32 
V Minnesota 6/15 35 35 
W Minnesota 5 6/15 56 32 24 
X Minnesota 1 6/15 49 25 24 
Y Minnesota 7 6/20 53 29 24 
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Table 3. Incubation periods for clutches undergoing field treatments in 1996. Nest #'s 
correspond to those illustrated in Figure 1 for each year. Date planted designates the time 
clutches were placed inside their respective nests. Both Beginning of Middle Third and End 
of Middle Third refer to the middle portion of the incubation period and were calculated for 
each clutch using the average hatching date for each nest. Date collected indicates when 
eggs were excavated fi^om their nests and returned to Iowa State University for completion of 
their incubation period. Hatch date and Length of incubation period were averages 
calculated for each clutch. MN represents Minnesota clutches, lA represents Iowa clutches, 
and IL designated Illinois clutches. 
Clutch Origin Nest Date Begin­ End of Date Hatch Length Standardized 
# Planted ning of Middle Col- Date of Length of 
Middle Third leaed Incuba­ Incubation 
Third tion (days) 
(days) 
D MN 1 6/28 7/5 7/28 8/21 8/21 70 91 
22 lA 2 6/27 7/16 8/10 8/25 9/5 76 73 
I MN J 6/27 7/9 7/31 8/23 8/23 67 65 
18 IL 4 6/27 7/11 8/4 8/23 8/27 71 57 
C MN 5 6/28 7/9 8/5 8/21 9/1 81 90 
16 IL 6 6/28 7/11 8/7 8/21 9/2 80 65 
K MN 7 6/27 7/15 8/12 8/25 9/10 85 87 
20 lA 8 6/27 7/20 8/18 8/30 9/16 87 92 
A MN 9 6/28 7/5 7/29 8/21 8/21 71 73 
21 lA 10 6/27 7/15 8/9 8/30 9/3 75 89 
B MN 11 6/28 7/7 8/2 8/21 8/27 77 66 
13 IL 12 6/27 7/11 8/6 8/21 9/1 79 83 
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Table 4. Incubation periods for clutches undergoing field treatments in 1997, Table 
headings are identical to those used in Table 3 
Clutch Origin Nest Date Begin­ End of Date Hatch Length of Standardized 
# Planted ning of Middle Col­ Date Incubation Length of 
Middle Third lected (days) Incubation 
Third (da\-s) 
X MN 1 6/26 7/9 8/2 8/7 8/26 72 69 
y lA 2 6/26 7/15 8/9 8/24 9/4 76 72 
f MN 3 6/26 7/8 8/1 8/20 8/24 71 81 
V' lA 4 6/26 7/15 8/10 8/24 9/5 77 75 
w MN 5 6/26 7/8 8/1 8/20 8/25 71 68 
a lA 6 6/26 7/18 8/15 8/29 9/12 85 83 
Y MN 7 6/26 7/13 8/6 8/28 8/30 72 87 
(B lA 8 6/26 7/17 8/13 8/29 9/9 82 76 
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Table 5. Incubation periods of eggs undergoing laboratory treatments in 1996. "Growth 
Chamber Dose" refers to the particular incubator in which eggs from a clutch were placed. 6 
Hrs, 4 Hrs, and 2 Hrs designate the three Conviron growth chambers which cycled for the 
respective lengths of time at 31°C and 29°C. 25°C and 27.5°C incubators were constantly 
maintained at 25°C and 27.5°C, respectively. "Start of Middle Third of Incubation" and 
"End of Middle Third of Incubation" are dates calculated using the average incubation time 
for a clutch in a particular treatment. 
Origin Growth Start of End of Average Average Standardized 
Chamber Middle Middle Hatching Length of Length of 
Dose Third of Third of Date Incubation Incubation 
Incubation Incubation (days) (days) 
IL 2 Hrs 7/10 8/4 8/30 75 69 
IL 4 Hrs 7/11 8/6 9/1 78 72 
IL 6 Hrs 7/9 8/3 8/29 77 75 
IL 25° C 7/8 8/2 8/27 75 73 
IL 27.5° C 7/7 7/30 8/23 70 68 
lA 2 Hrs 7/16 8/10 9/4 75 80 
L\ 4 Hrs 7/17 8/12 9/7 78 81 
lA 6 Hrs 7/17 8/13 9/9 80 77 
lA 25° C 7/17 8/12 9/7 78 68 
lA 27.5° C 7/14 8/7 8/31 71 59 
MN 2 Hrs 7/8 8/1 8/25 73 80 
MN 4 Hrs 7/9 8/3 8/28 76 83 
MN 6 Hrs 7/9 8/5 8/31 79 84 
MN 25° C 7/11 8/4 8/29 73 74 
MN 27.5° C 7/9 8/1 8/24 68 68 
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Table 6. Incubation periods of eggs undergoing laboratory treatments in 1997. Categories 
are identical to those presented in Table 5. In addition, 1 Hr represents the treatment in 
which eggs were cycled for one hour at 31°C and for one hour at 19°C. 
Origin Growth Start of End of Average Average Standardized 
Chamber Middle Middle Hatching Length of Length of 
Dose Third of Third of Date Incubation Incubation 
Incubation Incubation (days) (days) 
lA I Hr 7/15 8/9 9/3 75 75 
lA 2Hrs 7/15 8/9 9/3 76 77 
lA 4Hrs 7/15 8/10 9/5 78 78 
lA 6Hrs 7/17 8/13 9/9 81 83 
lA 25°C 7/14 8/8 9/2 75 79 
LA 2Hrs 6/28 7/29 8/30 95 86 
LA 4Hrs 6/27 7/29 8/29 96 85 
LA 6Hrs 6/30 8/2 9/5 100 91 
LA 25°C 6/27 7/29 8/30 95 88 
MN I Hr 7/9 8/1 8/24 70 78 
MN 2Hrs 7/9 8/2 8/26 71 80 
MN 4Hrs 7/10 8/3 8/27 73 82 
MN 6Hrs 7/11 8/6 8/31 77 89 
MN 25°C 7/8 7/31 8/24 70 90 
Table 7. Physical characteristics of snapping turtle hatchlings experiencing field treatments in 1996. No data was gathered for 
eggs positioned in Nests 1 or 3 because all eggs had hatched prior to their collection and return to Iowa State University. All mass 
measuiements are in grams, all dimensions were measured in centimeters. 
tch Origin Nest Average Standard Normalized Standard Nonnali/.cd Standard Normal i/.ed Standard 
it Initial Deviation of Average Deviation of Average Deviation of Average Deviation of 
Egg Inilial Egg Halchling Hatchling Carapace Carapace Carapace Carapacc 
Mass Mass Mass Mass Length Length Width Width 
18 IL 4 15.16 1,48 8,41 0.66 2,46 0.26 2.26 0,20 
16 IL 6 14.85 1,46 9,03 0.51 2,53 0.23 2.39 0.21 
13 IL 12 11.39 0.61 9,29 0.25 3.00 0,17 2,83 0.14 
22 lA 2 12.60 0.48 9.47 0.33 2.78 0.05 2.60 0.10 
20 lA 8 11.40 0,61 9.33 0.36 2,95 0.14 2.80 0.12 
21 lA 10 10,22 0,43 9.36 0.33 3,24 0,14 3 04 0.13 
D MN 1 9,30 0,38 
1 MN 3 12,48 0.43 
C MN 5 11.00 0.44 9.04 0.26 3,06 0.16 2.91 0,13 
K MN 7 11.89 0.60 9.45 0..30 2,90 0.12 2,79 0,13 
A MN 9 11.73 0.46 9.77 0.47 3.11 0.18 2,78 0.22 
B MN 11 13.97 0,45 9.16 0.24 2.71 0.11 2,48 0.08 
Table 8. Physical characteristics of snapping turtle hatchlings experiencing field treatments in 1997. All masses were measured 
in grams, and all dimensions are given in centimeters 
Clutch Origin Nest Average Standard Normal i/ed Standard Normal i/.ed Standard Nomiali/ed Standard 
# Initial Deviation of A\'crage Deviation of Average Deviation of Average Deviation of 
Egg Initial Egg Hatchling Hatchling Carapace Carapace Carapace Carapace 
Mass Mass Mass Mass Length Length Width Width 
Y lA 2 12.36 0.53 8.40 1.02 2,66 0.19 2,46 0.22 
M' lA 4 12.06 0.57 8.76 0.49 2.71 0,14 2,63 0.17 
a lA 6 11.95 0.36 8.80 0.41 2.83 0.13 2,69 O i l  
0) lA 8 12.32 0.46 9.10 0.40 2.67 0.10 2,58 0.10 
X MN 1 12.18 0.46 9.77 0.33 2.95 0.10 2.86 0 12 
T MN 3 10.18 0.61 8.82 0.40 3.10 0,13 2.93 0,17 
W MN 5 12.14 0.65 9.27 0.32 2,85 0,13 2.68 0,15 
Y MN 7 9.62 0.43 9.16 0.45 3.32 0,17 3.05 0,18 
Table 9. Physical characteristics of snapping turtle hatchlings resulting from laboratory treatment in 1996, Hatchling mass is 
expressed in grams; hatchling dimensions are given in centimeters. 
igin Dose A\cragc Staitdard Nonuali/ed Standard Normalized Standard Normali/ed Standard 
Inilial Deviation of A\erage Deviation of A\cragc Deviation of Average Deviation of 
Egg Inilial Egg Hatchling Hatchling Carapacc Carapacc Carapacc Carapacc 
Mass Mass Mass Mass Length Length Width Width 
IL 2Hrs 13.73 1.34 9.23 0,45 2,81 0.28 2,58 0.22 
IL 4Hrs 13.89 2.34 9.13 0.56 2.82 0.32 2,61 0.35 
IL 6Hrs 12.85 0.47 9.54 0.37 2.92 0.16 2,60 0,18 
IL 25°C 12.83 0.45 10.02 0.45 2.99 0.16 2,75 0 17 
IL 27.5°C 12.93 0.46 9.86 0,28 2.88 0.19 2.62 0,14 
lA 2Hrs 11.90 1.63 9,70 0.59 3.09 0.33 2,88 0,38 
lA 4 Hrs 12.30 1.51 9,67 0.58 3 03 0.29 2,73 0,29 
lA 6 Hrs 13.20 1.80 9.96 0.31 2.97 0.26 2 69 0.21 
lA 25°C 14.49 0.49 10.02 0.51 2.59 0.13 2,38 0.20 
lA 27.5°C 14.95 9.91 2.68 2 38 
MN 2 Hrs 11.73 1.69 9.68 0.48 3.19 0.39 2,98 0.35 
MN 4 Hrs 11.68 1.43 9.58 0.48 3.23 0.31 3,01 0.28 
MN 6 Hrs 11.94 1.30 9.62 0.43 3.18 0.23 3,02 0.30 
MN 25°C 12.64 1.86 9.57 0.74 3,06 0.36 2.87 0.40 
MN 27,5°C 12.83 1.69 9,48 0.74 2,97 0.39 2.76 0.37 
Table 10. Physical characteristics of snapping turtle hatchlings resulting from laboratory treatment in 1997 Hatchling mass is 
expressed in grams; hatchling dimensions are given in centimeters. 
igin Dose Average Standard Norniali/.ed Standard Normalized Standard Normalized Standard 
Initial Deviation or Average Deviation of Average Deviation of Average Deviation of 
Egg Initial Egg Hatchling Hatchling Carapace Carapace Carapace Carapace 
Mass Mass Mass Mass Length Length Width Width 
lA 1 Hr n.95 1 25 8 84 0,40 2,83 0,25 2,72 0,24 
lA 2Hrs 11.74 1.39 8,80 0.38 2.84 0,28 2,73 0,29 
lA 4Hrs li.86 1.29 8,74 0,35 2.82 0,23 2,71 0.24 
lA 6 Hrs 11.62 1.50 8,84 0.46 2,86 0,32 2,81 0.31 
lA 25° C 11.39 2,03 9,16 0.37 2,92 0,42 2.87 0.42 
LA 2 Hrs 13.17 1.71 9()4 0.51 2.62 0,24 2.47 0.22 
LA 4 Hrs 13.37 1.67 8,91 1.07 2.63 0 31 2,51 0,26 
LA 6 Hrs 13.13 1 58 8 9 5  0,71 2.63 0,28 2,48 0.26 
LA 25° C 12.88 1,77 8,93 0,60 2,62 0.25 2,45 0.23 
MN J Hr 10.74 1.56 9,29 0.65 3.15 0.34 3.01 0,34 
MN 2 Hrs 10.74 1.72 9 15 0.60 3.14 0.37 2.98 0,33 
MN 4 Hrs 10.80 1.82 9 14 0.56 3,17 0 4 3  3,02 0.41 
MN 6 Hrs 10.48 1,87 9 30 1.02 3,29 0,44 3 12 0.45 
MN 25° C 9.51 2.25 9,61 0,55 3,31 0,53 3,24 0.56 
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Table 11. Dose response data calculated from field and laboratory treatments in 1996. The 
number of degree hours were calculated by summing the number of degree hours above 31 °C 
and below 21 °C. Field degree hour calculations were calculated during the middle third of 
incubation from temperature data recorded by the more shallow nest thermocouple. Average 
nest temperatures were created from temperature data from the nest top and bottom. Average 
incubator temperatures were calculated from the beginning of the earliest middle third of 
incubation to the end of the longest middle third of incubation. 
Origin Nest or Average Degree Degree Total # of # of #of %of 
Dose Temp. Hours Hours Female- females males females 
(°C) above below producing 
29°C 21X degree/hrs 
MN Nest 1 25.72 205.09 1.22 206.31 19 2 0.90 
lA Nest 2 24.19 41.90 3.34 45.24 5 9 0.36 
MN Nest 3 25.33 213.42 4.98 218.40 23 1 0.96 
EL Nest 4 24.97 123.88 5.91 129.79 17 4 0.81 
MN Nest 5 23.15 20.89 52.84 73.73 30 0.00 
IL Nest 6 23.17 9.81 35.50 45.31 J 12 0.20 
MN Nest 7 22.26 7.35 100.60 107.95 1 28 0.03 
lA Nest 8 21.71 0.00 154.09 154.09 13 14 0.48 
MN Nest 9 25.97 290.75 2.64 293.39 26 4 0.87 
lA Nest 10 23.74 21.80 0.46 22.26 8 13 0.38 
MN Nest 11 24.27 79.67 20.92 100.59 10 19 0.34 
IL Nest 12 23.61 10.16 14.48 24.64 10 10 0.50 
lA 2Hrs 24.97 67.12 70.63 137.75 9 12 0,43 
lA 4Hrs 24.93 195.87 222.20 418.07 22 2 0.92 
lA 6Hrs 24.95 306.70 321.27 627.97 9 1.00 
IL 2Hrs 24.97 62.63 65.15 127.78 6 10 0.38 
EL 4Hrs 24.93 201.68 226.98 428.67 13 3 0.81 
IL 6 Hrs 24.95 310.67 310.62 621.28 11 1.00 
MN 2Hrs 24.97 60.75 61.95 122.70 20 14 0.59 
MN 4 Hrs 24.93 194.00 214.30 408.30 22 14 0.61 
MN 6 Hrs 24.95 336.67 335.82 672.48 39 4 0.91 
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Table 12. Dose response data calculated from field and laboratoiy treatments in 1997. Same 
procedures as indicated in Table 11 were used to calculate the number of degree hours 
following this field season. 1 Hr represents the growth chamber that spent one hour at 31°C 
and one hour at 19°C each day. The average temperature of the 6 Hrs chamber was 
calculated from the beginning of the earliest middle third of incubation for a Minnesota 
clutch (7/11/97), rather than for a Louisiana clutch, due to an incubator malfunction that 
occurred during the Louisiana middle third of incubation. 
Origin Nest or Average Degree Degree Total # of # of #of %of 
Dose Temp. Hours Hours Female- females males females 
(°C) above below producing 
29°C 21°C degree/hrs 
MN Nest I 26.61 515.45 0.14 515.59 22 2 0.92 
lA Nest 2 25.59 191.41 3.26 194.67 7 1 0.88 
MN Nest 3 25.87 70.42 0.00 70.42 7 0.00 
lA Nest 4 25.14 158.47 17.21 175.68 10 6 0.63 
MN Nest 5 25.24 75.30 0.00 75.30 7 25 0.22 
lA Nest 6 23.58 26.47 69.66 96.13 2 21 0.09 
MN Nest 7 25.11 22.00 0.00 22.00 2 27 0.07 
lA Nest 8 24.35 30.74 11.38 42.12 1 18 0.05 
lA 1 Hr 25.07 29.68 23.33 53.02 2 29 0.06 
lA 2 Hrs 24.98 56.40 59.82 116.22 2 26 0.07 
lA 4 Hrs 24.89 161.82 157.58 319.40 13 18 0.42 
lA 6 Hrs 25.08 274.00 223.68 497.68 38 J 0.93 
LA 2 Hrs 24.98 61.80 67.30 129.10 11 16 0.41 
LA 4 Hrs 24.89 182.58 213.92 396.50 35 3 0.92 
LA 6 Hrs 25.08 296.80 996.53 1293.33 31 1.00 
MN 1 Hr 25.07 25.87 21.23 47.10 34 0.00 
MN 2 Hrs 24.98 52.58 54.62 107.20 2 30 0.06 
MN 4 Hrs 24.89 147.85 144.28 292.13 11 24 0.31 
MN 6 Hrs 25.08 260.53 217.03 477.57 36 9 0.80 
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Table 13. Sex ratios of eggs undergoing field treatments in 1996. A. illustrates the number 
of males and females from each of the field nests in 1996 indicated in Figure 1. Only those 
hatchlings which survived are included. B. further subdivides the data presented in A. The 
depths indicated were measured from the surface of the nest cavity to the top of each egg. 
Measurements were rounded to the nearest 0.25 inches. No depths are indicated for Nest 1 or 
Nest 3 because all turtles had hatched from eggs prior to their collection and no 
measurements were possible. Blank cells indicated that no hatchlings with that sex were 
located in the appropriate position. 
A. 
Nest # Clutch Origin M F 
1 D MN 2 19 
2 22 lA 9 5 
3 I MN 1 23 
4 18 IL 4 17 
5 C MN 30 
6 16 IL 12 3 
7 K MN 28 I 
8 20 lA 14 13 
9 A MN 4 26 
10 21 lA 13 8 
11 B MN 19 10 
12 13 IL 10 10 
B. 
Sesi 1 Nest Nest 3 Nest 4 Nest 5 Nest 6 Nest 7 Nests Nest 9 Nest 10 Nest 11 Nest 13 Doxh M F M F M F M F M F M F M F M F M F M F M F M F 
300 3 2 I 3 1 3 25 
.'50 f 2 1 1 to 4 4 4 ( ( 5 
4 00 <, 0 3 5 3 2 2 5 a 3 3 4 25 
t 50 3 I 8 9 I 3 10 4 I 8 3 3 4 '5 
f 00 J 4 s 12 2 3 2 4 7 5 1 4 4 3 
s 25 
^50 3 I 3 3 1 5 ''5 
oOO 
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Table 14. Sex ratios of eggs undergoing laboratory treatments in 1996. Doses are described 
in body of text. A. illustrates the total number of males and females from each incubator in 
1996. B. and C. further subdivide the data presented in A. by indicating where the hatchlings 
originated and to which clutch they belong. Blank cells indicate no hatchlings with the 
particular sex originated from that experimental treatment. Only those hatchlings which 
survived are included. 
A. 
E)ose 
2Hrs 
4Hrs 
6 Hrs 
27.5° C 
25°C 
M 
36 
19 
4 
61 
33 
35 
57 
59 
1 1  
B. 
Minnesota Iowa Illinois 
Dose M F M F M F_ 
2 Hrs 14 20 12 9 10 6 
4 Hrs 14 22 2 22 3 13 
6 Hrs 4 39 9 11 
27.5° C 51 4 1 10 6 
25°C 16 5 12 
C. 
2Hrs 4Hrs 6Hrs 27.5°C 25°C 
Origin Clutch M F M F M F M F M F 
IL 6 5 1 4 6 
IL 11 6 9 2 6 
IL 13 2 3 6 
IL 16 6 2 4 
IL 18 2 3 I J 
lA 20 3 6 4 
lA 21 2 4 6 
lA 22 4 1 2 4 
lA 24 3 1 6 5 1 5 
MN A 5 1 5 11 
MN B I 4 6 10 
MN C 6 5 1 4 6 
MN D 6 1 5 2 
MN E 14 4 5 
MN F 17 5 
MN G 20 6 
MN I 1 5 1 5 8 
MN K 6 6 2 
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Table 15. Sex ratios of eggs undergoing field treatments in 1997. A. illustrates the number 
of males and females from each of the field nests in 1997 indicated in Figure 1. B. further 
subdivides the data presented in A. The depths indicated were measured from the surface of 
the nest cavity to the top of each egg. Measurements were rounded to the nearest 0.25 
inches. Blank cells indicated that no hatchlings with that sex were located in the appropriate 
position. Only those hatchlings which survived are included. 
A. 
Nest # Clutch Origin M F 
1 X MN 2 22 
2 y lA 1 7 
3 f MN 7 
4 lA 6 10 
5 w MN 25 7 
6 a lA 21 2 
7 Y MN 27 2 
8 0) lA 18 I 
B. 
Nest I Nest 2 Nest 3 Nest 4 Nest 5 Nest 6 Nest 7 Nest 8 
Depth .\J F M F .Vf F .M F M F .\1 F •M F .Vf F 
3.00 2 
3.25 3 
3.50 1 2 I 
3.75 1 2 2 
4.00 4 1 1 1 1 2 1 2 
4.25 3 2 I I 2 3 1 
4.50 I 2 4 2 6 I 2 1 
4.75 A 1 1 2 ! I I 2 2 4 1 
5.00 I 4 I 2 1 1 3 7 3 
5.25 1 1 3 6 3 1 3 3 
5.50 2 1 I I 4 3 
5.75 5 1 1 
6.00 I 6 1 
6.25 2 
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Table 16. Sex ratios of eggs undergoing laboratory treatments in 1997. Individual doses are 
described in text. A. illustrates the total number of males and females from each incubator in 
1997. B. and C. further subdivide the data presented in A. by indicating where the hatchlings 
originated and to which clutch they belong. N/A indicates that no eggs were placed in the 
particular incubator. Blank cells indicate no hatchlings with the particular sex originated 
from that experimental treatment. Only those hatchlings which survived are included. 
A. 
Dose M F 
1 Hr 63 2 
2 Hrs 72 15 
4Hrs 45 59 
6 Hrs 12 105 
25°C 31 5 
B. 
Minnesota Iowa Louisiana 
Dose M F M F M F 
I Hr 34 29 2 N/A N/A 
2Hrs 30 2 26 2 16 11 
4Hrs 24 11 18 13 3 35 
6 Hrs 9 36 3 38 31 
25°C 8 6 17 5 
C. 
1 Hr 2 Hre 4Hre 6 Hrs 25°C 
Onon Clutch M F M F .VI F .\1 F SI F 
LA. A N A N..A I 
LA B N A N.A 1 1 
L.\ C N A N" A 5 2 9 11 4 
L.A. D N" A N.A 3 1 6 4 3 
L.A. E N A N A 2 6 12 4 5 3 
L.-\ F N A NA 1 I 1 
UA G VA .v.A 4 4 5 5 1 
LA. H N A N A 
LA I N.A N/A 2 2 1 3 5 
lA 6 5 I 5 1 5 1 13 3 
lA Y I 1 I 1 
lA n 5 I 5 2 4 2 11 3 
LA <T 6 3 I 1 5 4 
lA 0) 6 6 5 1 
lA V 6 6 5 1 I 3 
•VIN T 5 5 2 3 
.\1N U 6 6 4 2 11 3 
MN V 6 6 5 1 5 7 5 
MN w 6 5 1 3 3 I 4 
MN X 6 4 2 3 6 
MN Y 5 4 1 4 2 1 5 
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Table 17. F values and corresponding probabilities > F for surviving hatchlings undergoing 
field incubation in 1996 and 1997. Initial Egg mass was used as a covariate for the analysis 
of all variables besides hatchling sex. Referring to Figure 1, "Site of nest" indicates the 
position of nests at one of six positions located around the central weather station. Origin 
compares Minnesota eggs with those from Iowa or Illinois. Minnesota eggs were placed in 
odd-numbered nest positions and Iowa or Illinois clutches were placed in even-numbered 
positions. Depth was determined for each nest with the eggs divided evenly between the nest 
top and bottom. 
Length of 
Incubation 
Hatchling 
Mass 
Carapace 
Length 
Carapace 
Width 
Female Sex 
Ratio 
Position 4.34 
(0.0441) 
0.49 
(0.8415) 
1.17 
(0.4398) 
0.39 
(0.9005) 
1.56 
(0.3029) 
Origin 5.18 
(0.0494) 
0.73 
(0.5218) 
3.68 
(0.0904) 
0.82 
(0.4826) 
0.14 
(0.8721) 
Depth 12.93 
(0.0026) 
4.88 
(0.0431) 
0.27 
(0.6098) 
0.21 
(0.6527) 
6.84 
(0.0195) 
Depth*Origin 0.24 
(0.7868) 
1.33 
(0.2949) 
0.75 
(0.4871) 
0.81 
(0.4644) 
0.24 
(0,7887) 
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Table 18. F values and corresponding probabilities > F for surviving hatchlings undergoing 
laboratory incubation in 1996 and 1997. Average incubator values for each variable were 
used in the analysis. Initial Egg mass was used as a covariate for all variables besides 
hatchling sex. Because no replication was carried out on the 1 Hr chamber in 1997, this 
incubator was not used as a treatment in the Analysis of Variance. Similarly, since no 
Louisiana eggs were used in 1996, the response of these eggs were not compared in the 
present analysis. Treatments consisted of the 2 Hrs, 4 Hrs, 6 Hrs, and constant 25°C 
incubators. Origin compares the response of Minnesota and Iowa eggs. Illinois eggs were 
combined with those from Iowa in 1996. 
Length of 
Incubation 
Hatchling 
Mass 
Carapace 
Length 
Carapace 
Width 
Female Sex 
Ratio 
Year 0.00 
(0.9738) 
1.97 
(0.2102) 
0.18 
(0.6885) 
2.66 
(0.0078) 
9.40 
(0.0182) 
Treatment 11.45 
(0.0068) 
2.13 
(0.1975) 
3.94 
(0.0720) 
0.87 
(0.5081) 
28.18 
(0.0003) 
Origin 2.25 
(0.1839) 
0.33 
(0.5851) 
33.69 
(0.0011) 
11,42 
(0.0149) 
0.50 
(0.5007) 
T reatment*Origin 0.39 
(0.7633) 
1.14 
(0.4070) 
2.55 
(0.1514) 
1.40 
(0.3318) 
0.67 
(0.5969) 
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Table 19. F values and corresponding probabilities > F for analysis of latitudinal effects in 
1997. Only surviving hatchlings emerging from the 2 Hrs, 4 Hrs, 6 Hrs, and 25°C incubators 
were considered. Incubator average responses of eggs from Minnesota and Iowa (combined 
with Illinois in 1996) were compared in the analysis. Initial egg mass was used as a covariate 
for the analysis of all variables besides hatchling sex. 
Length of 
Incubation 
Hatchling 
Mass 
Carapace 
Length 
Carapace 
Width 
Female Sex 
Ratio 
Origin 268.95 4.55 8.38 1.02 11.41 
(0.0001) (0.0749) (0.0253) (0.4242) (0.0090) 
Treatment 85.03 0.11 1.06 0.64 36.35 
(0.0001) (0.9525) (0.4428) (0.6234) (0.0003) 
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Figure 1 A,B. Graphical illustration of the experimental test site during the 1996 field 
season (same as in 1994 and 1995). A depicts the location of six groups of nests in reference 
to the remainder of the test site, while B represents an enlargement of the nesting area. In B 
odd numbers represent clutches originating fi^om Minnesota, while even numbers depict Iowa 
and Illinois clutches. These clutches were approximately one meter apart. The X illustrates 
the location of the weather station. The original Skunk River channel (dashed line) ran to the 
south of the field as indicated, and a com field lay approximately 16-20 meters to the north of 
the test site. 
Figure 2 A, B, C; Illustration of the different temperature schedules that were programmed 
into three separate growth chambers. Both Illinois/Iowa and Minnesota clutches were 
divided equally among plastic containers (15cm x 34cm), which were then placed into the 
separate chambers. 
Figure 3. Example of egg placement within testing containers used in 1996 and 1997. Six 
columns of three eggs are arranged within each container. Each column had eggs from a pre­
determined geographic location, either Minnesota, or Iowa/Illinois. Particular clutches fi^om 
these locations were randomized prior to their placement within a colunm. Additionally, 
specific eggs within each column were determined randomly. 
Figure 4. Daily temperature cycle for Nest 1 in 1997. This nest had the highest average 
temperature of all nests in both 1996 and 1997. Two copper/constantan thermocouples were 
placed within the nest, one above the highest-positioned egg, and one below the lowest 
positioned egg. Hourly averages were recorded over the entire field season with a Campbell 
Scientific CR-10 datalogger. 
Figure 5. Daily temperature cycle for Nest 8 in 1996. This nest had the lowest average 
temperature of all nests in both 1996 and 1997. Again, two copper/constatan thermocouples 
were placed at the nest top and bottom with hourly averages being recorded for the entire 
field season. 
Figure 6. Daily temperature pattern of the growth chamber cycling for six hours at 31°C and 
for six hours at 19°C in 1997. Copper/constantan thermocouples were placed 2.54 
centimeters fi-om the bottom of the plastic container. One thermocouple was positioned in 
the center of the container, while the other thermocouple was directly adjacent to the outer 
surface of an egg positioned at the perimeter of the container. Ten minute averages were 
recorded with a Campbell Scientific CR-10 datalogger. 
Figure 7. Daily cyclical temperature of a growth chamber cycling for four hours at both 
31°C and 19°C in 1997. Thermocouples were positioned in the same locations as indicated 
in Figure 6 for the 6 Hrs growth chamber. 
Figure 8. Temperature data for growth chamber cycling for two hours at both 3 l°C and 
I9°C in 1997. Thermocouples were positioned in the plastic containers as mentioned 
previously. 
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Figure 9. Pattern of daily temperature changes for a growth chamber cycling for one hour at 
31°C and 19°C in 1997. Thermocouples were placed in the perimeter and center of a plastic 
container, one inch from the container bottom (as indicated for the six hour chamber). 
Figure 10. Dose response curve for hatchiings undergoing both field and laboratory 
treatments in 1996 and 1997. The number of degree hours was determined by summing the 
number of temperature degrees both above 31 °C and below 19°C each hour. Solid circles 
indicate 1996 hatchiings, and solid triangles illustrate 1997 data. Log-Logistic Trend-line 
was created by Simfit. 
Figure 11. Dose response curve for hatchiings undergoing field treatments in 1996. The 
same trend-line as depicted in Figure 10 is superimposed within figure. Number of degree 
hours was calculated as in Figure 10 from thermocouples located in the shallow position of 
each nest. 
Figure 12. Dose response curve for laboratory treatments in 1996. All thermocouples 
within a particular incubator were averaged to give specific temperature data. The number of 
degree hours was then calculated during the middle third of incubation for each clutch. 
Figure 13. Dose response curve for field treatments in 1997. The same data as in Figure 11 
are presented but for clutches undergoing field incubation in 1997. 
Figure 14. Dose response curve for laboratory treatments in 1997. The same data as in 
Figure 12 are presented but for clutches undergoing field incubation in 1997. 
Figure 15. Response of standardized hatchling size characteristics to variation in average 
nest temperatures in 1996. Hatchling mass, carapace length, and carapace width were 
normalized relative to initial egg mass. 
Figure 16. Response of standardized hatchling size characteristics to variation in average 
nest temperatures in 1997. Hatchling mass, carapace length, and carapace width were 
normalized relative to initial egg mass. 
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Figure lA, B. 
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CHAPTER 4. GENERAL CONCLUSIONS 
General Discussion 
Soil moisture data was gathered over the course of incubation for three summers, 
1994, 1995, and 1997. Throughout the entire field study, soil water potential did not fall 
below -100 kPa with water potentials averaging less than -50 kPa. Despite these trends in 
soil water content, most laboratory experiments subject incubating eggs to much drier 
conditions. During these experiments, eggs have frequently been shown to increase in mass 
for approximately one half their incubation and decrease in mass for the remaining time. 
The present study has concluded that snapping turtle eggs exhibit a positive water 
balance; eggs take up water over the course of incubation. Only infertile eggs or those 
containing dead embryos tend to experience a decline in mass. Once differences in initial 
egg mass are accounted for, the pattern of water exchange appears to be independent of the 
water content of the surrounding incubation media. No evidence is available to predict the 
pattern of water exchange that would result if soil water potentials dropped to comparable 
values as those utilized in laboratory treatments. It has been hypothesized that soil water 
potentials could fall to -10,000 kPa before parchment-shelled eggs, like those of snapping 
turtles, would experience a decline in mass over the course of field incubation (Ackerman 
1991). 
Differences in the apparent pattern of water exchange between field and laboratory 
incubated eggs may originate from variation in the type of incubation media used. Eggs are 
positioned within or above vermiculite, which is not a normal incubation medium, while 
undergoing most laboratory treatments. Others have hypothesized that the lower thermal 
conductivity of vermiculite, relative to sand, may alter the normal pattern of water exchange 
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of these eggs (Kam and Ackerman 1990). In addition, the extent to which each egg contacts 
the surrounding incubation media alters the total amount of water taken up by developing 
embryos (Hotaling 1985). Should laboratory experiments be conducted with media in which 
females turtles are known to excavate nests and deposit their eggs, patterns of mass change 
may be similar to those determined in the present study. Furthermore, if eggs were 
positioned in the incubation media in a similar manner as they appear in natural nests, 
(Hotaling 1985), egg water uptake might also exhibit mass changes comparable to those of 
the present study. 
Numerous experiments have demonstrated that snapping turtles exhibit temperature 
dependent sex determination. Yet, limited information is available regarding the mechanism 
underlying this phenomenon. Some have hypothesized that the amount of development that 
occurs above threshold temperatures determines the resulting offspring sex ratios. A model 
has been proposed which generates a hypothetical constant incubation temperature, which 
takes into account the daily temperature fluctuations from a mean temperature (Georges 
1994). Modifications to this model allow calculations to be carried out on temperature cycles 
that do not fluctuate around a constant mean incubation temperature, similar to those 
recorded within field nests of the present study. Yet, offspring sex ratios do not compare 
well with those predicted from the hypothesized model. Significantly fewer than 50% of the 
total number of degree hours must be spent at female-producing temperatures to produce 
female offspring. Data suggest that 150 degree hours at female producing temperatures are 
sufficient to elicit female sexual development. 
Furthermore, geographic differences in egg origin have been suggested to alter 
offspring sex ratios. Unexpectedly, eggs obtained from more southern locations require 
171 
lower quantities of degree hours at female-producing temperatures to generate female 
offspring. Although turtles from increasingly lower latitudes begin laying their eggs earlier 
in the year, average temperatures from more southern locations remain above those 
calculated later in the field season at more northern locations. It should be noted that as the 
ambient temperature of the surrounding microclimate increases, embryonic development 
would most likely increase as well. Thus, embryos fi"om lower latitudes would have less 
time during which sexual development might be influenced. This may require that southern 
turtles be more susceptible to a given dosage of female-producing temperatures in order to 
maintain similar sex ratios within a given population. 
Recommendations for Future Research 
The soil in which field nests were constructed in the present study did not vary to a 
large degree. Yet, snapping turtles have been reported to excavate nests in a wide variety of 
soil types, ranging from loam to sand (personal observation). Although an analysis of the 
changes in soil water potential within and surrounding natural nests constructed in sand has 
been completed (Packard et al. 1985), no correlations were made with the resulting egg mass 
changes. As a result, additional research could be performed which would investigate the 
effect of egg incubation within field nests constructed in different types of incubation media. 
Different laboratory treatments were used in the determination of the critical number 
of degree hours required to produce at least 50% female offspring. These treatments 
consisted of varying lengths of time that eggs spent 2°C above and below known threshold 
temperatures. The number of degrees experienced above (or below) the threshold 
temperature were summed to determine the total number of degree hours spent at female-
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producing temperatures. However, it is not known whether an equivalent dosage would 
produce the same female sex ratios. For instance, if the incubators were at 31 °C for 1 hour, 
the embryos would undergo 2 degree hours at a female-producing temperature. An 
equivalent dosage could be calculated if the eggs were kept at 30°C for 2 hours. Whether 
these dosages would contribute equally to the resulting offspring sex ratio is not known. 
Additional research could be undertaken which would subject developing embryos to equal 
female-producing dosages calculated by varying both the amount of time at female 
temperatures and the number of degrees spent above threshold temperatures. 
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